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ABSTRACT 

 A sol-gel stationary phase was developed for in-situ infrared (IR) detection of 

analytes on thin-layer chromatography (TLC) plates. These sol-gel-based TLC plates 

have improved optical properties compared with conventional TLC plates in IR 

spectroscopic analysis. Samples can be analyzed in transmission geometry, requiring no 

special attachments. The sol-gel-based TLC plates demonstrate significantly better light 

throughput and a wider spectral range than conventional TLC plates analyzed in diffuse 

reflectance geometries.  

The sol-gel precursor, methyltrimethoxyorthosilicate (MTES), was templated 

with cetyltrimethylammonium bromide (CTAB) and urea in order to form a porous sol-

gel. Aerosol deposition was used to apply the sol-gel solution onto either glass slides or 

silicon wafers within an enclosed chamber. Many variables were studied to determine 

their effect on the quality of the sol-gel stationary phases, including the ratio of 

MTES:methanol:water:CTAB:urea:HCl:, gelation times and temperatures, and deposition 

rate. Sol-gel films prepared using MTES/methanol/water/CTAB at ratios of 1 : 20 : 7 : 

0.2 containing 5 wt% urea (relative to MTES) and pH 1.5 were crack-free, mechanically 

stable, and uniform in appearance. The films were tens of microns thick with a highly 

interconnected porous structure.  

For chromatographic separations, the films exhibited good solvent migration 

velocity and could be repeatedly washed and reused for TLC separations without 

showing degradation in the separation. Several different classes of compounds, including 

polyaromatic hydrocarbons and dyes, were successfully separated. Theoretical plate 
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values measured on the MTES-based sol-gel films were comparable to those obtained on 

commercially available TLC plates.  

 



27 

  

1 INTRODUCTION 

1.1 Thin-layer chromatography 

1.1.1 Introduction to thin-layer chromatography 

Thin-layer chromatography (TLC) is a liquid chromatographic method for 

separating mixtures of compounds. Although there have been many advances in sample 

application, chromatographic development, and detection since the first examples of thin 

layer separations in the early 1900s, the chromatographic principle remains the same. A 

small aliquot of a sample solution is applied in either a spot or band to a thin sorbent 

layer supported by a substrate (glass, plastic, aluminium foil) near one end of the TLC 

plate. After the sample has dried, the TLC plate is placed into a chamber where solvent is 

introduced to the end of plate where the sample was applied and capillary action wicks 

the solvent to the other side of the plate. Components of the sample mixture are 

separated-based on their different migration rates in the particular stationary and mobile 

phase combination. Differential migration is-based on the relative affinity of each analyte 

for the stationary and mobile phases in the chromatographic system. Detection is often 

performed by visually observing the separated compounds, using either white or 

ultraviolet light, using necessary visualization agents to impart color or fluorescence to 

the compounds. 
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TLC is employed in many areas where rapid, high-throughput, and inexpensive 

analysis is necessary. In the pharmaceutical field, TLC is used for identification, purity 

analysis, and concentration determination of active and inactive ingredients in drug 

preparations. TLC is used to measure active substances and their metabolites in 

biological matrices in clinical and forensic chemistry. TLC has many uses in the field of 

food chemistry. It is used to determine the concentration of pesticides and fungicides in 

water, fruits and vegetables, and meats. TLC is also used to determine the concentration 

of regulated substances in food, such as aflatoxins in milk products and grains and 

antibiotics in meats. In environmental analysis, TLC is used to measure groundwater and 

soil pollution.1 

1.1.2 Comparison to other chromatographic techniques 

Whenever TLC is compared to high performance liquid chromatography (HPLC), 

HPLC is usually considered the superior separation technique due to its higher separation 

capacity, automation, and its wide range of stationary phases and separation mechanisms. 

However, TLC has many attributes that HPLC lacks, making the two techniques 

complementary rather than competitive.2, 3  

The open sorbent bed and rectangular format of TLC plates allow the user to 

perform multiple separations in a single analysis. Up to thirty samples may be analyzed 

on a single plate, making TLC an excellent application in fields where many samples are 

routinely analyzed.4 The high-throughput screening offered by TLC leads to a low cost 

analysis method. In addition, calibration standards and multiple unknown samples may 
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be spotted on the same TLC plate and developed in parallel. This eliminates any variation 

that may occur when the samples and standards are run sequentially.  

The relatively low cost of TLC plates means that they are single use items and not 

reused like HPLC columns. As a result, only minimal sample preparation is needed 

because fouling of the stationary phase will not impact future separations. Samples that 

contain suspended particulates or contain analytes that irreversibly bind to the stationary 

phase are not a concern because these will remain at the origin and not interfere with the 

separation. Samples of unknown matrix and composition may be run without worry of 

residual sample interfering with future analyses. In fact, TLC is often used for the 

simultaneous clean up and analysis of samples. 

TLC operates in development mode whereas HPLC operates in elution mode. In 

development mode, all analytes have the same migration time but different migration 

distances. In elution mode, all analytes have the same migration distance but different 

migration times. At the end of a development in TLC, all of the analytes remain on the 

stationary phase. The solvent is evaporated off of the TLC plate allowing the samples to 

be analyzed without interference from the solvent. Post-chromatographic derivatization 

conditions may be optimized without time constraints, and multiple derivatizations may 

be performed to locate analytes with different functional groups. Multiple, non-

destructive detection techniques may be used to gain the maximum information about 

each analyte. Because the samples remain on the stationary phase, the TLC plates may be 

saved to archive the separation, or separations may be performed at different times and 

locations than the detection. 
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Because TLC is performed on an open sorbent bed, it offers total sample 

accountability. Any species that do not migrate during an analysis will be detected at the 

origin when the plate is visualized. In comparison, species that do not migrate in HPLC 

remain at the head of column and will not reach the detector to be recorded. Total sample 

accountability is important in syntheses where all products must be determined in order 

to understand the reactions that occurred or in the pharmaceutical field where strict 

regulations require exacting analysis of drug products.  

The benefits of both TLC and HPLC can be seen in pyramidal screening for 

analysis of large batches of samples. TLC is used as the first analysis step, and positive 

samples are followed up with HPLC analysis for confirmation and quantification of the 

analytes of interest. An example of the efficiency of a pyramidal screening approach is 

shown by the analysis of sulfamethazine in meat. Sulfamides are used to treat bacterial 

infections in meat-producing animals, but there must not be excessive residue in meat 

meant for human consumption. The tolerance limit for sulfamethazine is typically set at 

0.1 mg/kg. The protocol for sulfamethazine determination begins with the 

homogenization of tissue samples in water, followed by reversed-phase solid-phase 

extraction. These extracts are further cleaned up using a tandem acidic alumina and 

anion-exchange column. Following separation by TLC, fluorescamine is used to visualize 

sulfamethazine. This method is rapid, with 12 samples being completed in 8 hours, 

requires little solvent, approximately 20 mL for both extraction and separation per 

sample, and has a detection limit of about 0.25 ppb.  
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As an illustration of the benefits of combining HPLC and TLC methods, three 

hundred animal tissue samples were analyzed for sulfonamides using the pyramidal 

approach described above and a method usilizing HPLC. The pyramidal screening 

approach was able to analyze thirty samples per day over twelve days. In contrast, the 

HPLC method was able to analyze six samples per day over a total of fifty days. The use 

of TLC screening to identify samples containing sulfonamides prior to performing 

quantitative analysis using HPLC provided a cost savings of 80% and saved 32 days 

compared to the HPLC method, and the combination method provided two independent 

methods of analyte identification.2 

1.1.3 Theory of TLC 

1.1.3.1 Capillary flow 

TLC is typically performed by placing the TLC plate in a vertical or horizontal 

chamber and introducing the solvent at one end of the plate. Solvent is transported up the 

plate by capillary flow. Capillary flow occurs when solvent enters capillaries in order to 

lower its free surface area and free energy. The change in free energy is defined by 

r
VE n

m
γ2−

=Δ  Equation 1.1

where ΔEm is the change in free energy, γ is the free surface tension, Vn is the molar 

volume of the solvent, and r is the capillary radius. The change in free energy is inversely 

proportional to capillary radius leading to the narrowest capillaries filling first. The larger 
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pores carry the bulk of the solvent behind the solvent front creating a concentration 

profile. To minimize this effect, it is important to have a narrow pore size distribution 

which requires a narrow particle size distribution in TLC.5 

The position of the solvent front in TLC is given by the equation: 

ktz f =2)(  Equation 1.2

where zf is the distance migrated by the solvent from the point of solvent entry into the 

sorbent layer, t is the time from introduction of the sorbent layer to the solvent, and k is 

the velocity constant in cm/s. Differentiation of Equation 1.2 gives the velocity, u, of the 

solvent front: 

fz
k

dt
dzu

2
==  Equation 1.3

The velocity constant is a function of the nature of the chromatographic system and 

particle diameter. Ruoff and Giddings6 have shown that: 

Pckbk Δ−=
η

12  Equation 1.4

where b is a proportionality constant between the velocity of the solvent front, u, and the 

local flux of the liquid phase, η is the liquid viscosity, ΔPc is the capillary pressure 

change from the saturated to the dry sorbent bed, and k1 is the permeability of the porous 

bed. The permeability of a packed column is given by the equation:5  

2
2
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 Equation 1.5
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where dp is the particle diameter, ko is the permeability constant and εe is the external bed 

porosity (volume of interparticle space/bed volume). The value for ko tends to be 

approximately 1×10-3.7 The capillary pressure change, ΔPc, is inversely proportional to dp 

and proportional to the surface tension of the mobile phase, γ, 

pd
Pc γλ=Δ  Equation 1.6

with λ being a proportionality constant. Substituting Equation 1.5 and Equation 1.6 into 

Equation 1.4 gives: 

p
o dbkk
η
λγ2

−=  Equation 1.7

Equation 1.7 shows that the velocity constant, k, is proportional to particle diameter and 

packing density and inversely proportional to the viscosity of the mobile phase. 

Belinkii et al.8 have calculated the velocity constant of a solvent front ascending a 

TLC plate to be: 

⎥
⎦

⎤
⎢
⎣

⎡
−=

12
cos

2 0 Qgd
z

dk
k pp θγ

η
 Equation 1.8

where θ is the contact angle of the solvent with the sorbent, Q is the solvent density and g 

is the acceleration due to gravity. However, the effect of gravity is negligible, so 

Equation 1.8 simplifies to: 

z
k

z
dk

u po

2
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==
η

θγ
 

Equation 1.9 

and 
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ktt
dk

z po ==
η

θγ cos22  
Equation 1.10 

Equation 1.9 and Equation 1.10 are used to describe solvent flow in TLC under ideal 

conditions. They show the solvent flow is proportional to particle diameter and the ability 

of the solvent to wet the sorbent, and inversely proportional to the solvent viscosity.  

1.1.3.2 Separation and resolution  

 The capacity factor, k’, is a measure of the sample retention by the sorbent. It can 

be changed by changing experimental parameters such as the stationary phase material or 

the composition of the mobile phase. The capacity factor is typically not used to describe 

the results of a separation. Rather, the position of a solute following development is 

described using the retardation factor, Rf, defined as: 

solvent

solute
f z

zR =  
Equation 1.11 

where zsolute is the distance from the origin to the center of the solute and zfront is the 

distance from the origin to the solvent front. The capacity factor is related to Rf by the 

following equation: 
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f

f

R
R

k
−

=
1

'  
Equation 1.12 

Rf values range from 0 to 1, where a value of 0 represents a sample that remains at the 

origin and a value of 1 represents a sample that migrates with the solvent front. When 

unknown samples are run on the same TLC plate as reference standards, the Rf values can 

serve as preliminary identification of the unknown compounds. However, Rf values 

should not be used to compare samples on different TLC plates because the experimental 

conditions will have been different between the plates. Factors such as temperature, 

humidity, layer thickness, and chamber saturation all affect the Rf values. 

 Resolution, Rs, is a measure of the separation between two different solutes. It is 

defined as: 

( )21

12

5.0 ww
xxRs +

−
=  

Equation 1.13 

where x1 and x2 represent the distance from the origin to the spot centers of the lower and 

upper spot, respectively, and w represents the spot width at the baseline. This equation 

does not give any information that would allow the user to know which parameters can 

be adjusted to improve the resolution. However, resolution can be related to Rf and plate 

number, N, to provide parameters that may be adjusted. Plate number is a term used to 

describe the efficiency of a stationary phase and is defined by: 
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2

16 ⎟
⎠
⎞

⎜
⎝
⎛=

w
xN  Equation 1.14 

The migration distance of the spot center, x, can be written in terms of Rf and the solvent 

migration distance, z: 

zRx f=  
Equation 1.15 

Combining Equation 1.13, Equation 1.14, and Equation 1.15 and making the assumption 

that w1 equals w2 due to the close proximity of the spots allows the resolution to be 

expressed in terms of plate number and Rf: 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
=

2

12

4 f

ff

R
RRNR  

Equation 1.16 

However, N is dependent on the Rf value of the spot, so the following substitution must 

be made: 

2' fRNN =  
Equation 1.17 

where N’ represents the number of theoretical plates over the entire length of the sorbent 

bed. The effect of the capacity factor on resolution can be accounted for using the 

relationship 
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Substituting Equation 1.17 and Equation 1.18 into Equation 1.16 results in: 

( )2'
2

'
1

2 11'
4
1

ffs R
k
k

RNR −⎟⎟
⎠

⎞
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⎛
−=  

Equation 1.19 

 Equation 1.19 shows that resolution is dependent on plate number, capacity 

factor, and Rf. Plate number can be improved by decreasing the theoretical plate height, 

which will be discussed below. The capacity factor can be changed by modifying the 

mobile phase or the stationary phase. For a given separation system, where the stationary 

and mobile phases do not change, plate number and capacity factor remain constant, so 

the effect of Rf on resolution can be examined. Figure 1.1 shows that the region between 

Rf values of 0.2 and 0.8 provides the best resolution and is analytically the most useful 

region.9, 10  
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Figure 1.1. Effect of Rf2 on relative resolution. 

 

1.1.3.3 Efficiency 

Equation 1.19 showed that resolution is dependent on the number of theoretical 

plates. The number and height of theoretical plates are methods to define the efficiency of 

a chromatography column/TLC plate. Plate number, N, is related to plate height, H, by 

the following equation: 

H
LN =  Equation 1.20

where L is the length of the column or plate. The best resolution will be achieved when 

the plate number is high and the plate height is low. Another way to consider this is that 

high plate number and low plate height result in minimal spot broadening. 
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The van Deemter equation describes the effects of physical parameters of the 

separation on plate height:  

DuCu
u
BAH +++=  Equation 1.21

where u is the flow rate of the mobile phase. A, B, C, and D are constants that describe 

band broadening due to multiple paths, longitudinal diffusion, and mass transfer in the 

mobile and stationary phases, respectively. The constants are each functions of properties 

of the chromatographic system. The multiple path term, A, can be described by: 

pdA λ2=  Equation 1.22

where λ depends on the particle arrangement and dp is the particle diameter. The 

influence of longitudinal diffusion, B, is expressed by: 

mDB γ2=  Equation 1.23

where γ is a correction factor for the nonlinearity of diffusion due to particle arrangement 

of the stationary phase and Dm is the diffusion coefficient of the solute in the mobile 

phase. Mass transfer in the mobile phase, C, is described by: 

m

p

D
d

C
2ω

=  Equation 1.24

where ω is a proportionality factor dependent upon the particle arrangement. Mass 

transfer in the stationary phase, D, is described by: 

s

f

D
d

D
2σ

=  Equation 1.25
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where σ is a proportionality factor, df is the thickness of the stationary phase layer, and Ds 

is the diffusion coefficient of the solute in the stationary phase.11 More detailed 

explanations for calculating plate height have been proposed by Giddings12 and 

Guiochon.13  

Equation 1.21 shows that plate height is highly dependent on the mobile phase 

velocity, u. Recall from Equation 1.9 that u is controlled by the physical properties of the 

stationary phase and mobile phase in thin layer chromatographic separations utilizing 

capillary flow. Therefore, in order to improve the efficiency of a separation, different 

stationary phases or mobile phases may be needed. In contrast, u is an easily controlled 

parameter in HPLC and can be adjusted while using the same stationary and mobile 

phases. 

1.1.4 TLC stationary phases 

There are a wide variety of TLC stationary phases commercially available. Most 

sorbents for TLC can be divided up into several different classes: adsorbent layers, 

bonded layers, and impregnated layers. The sorbents in each of these classes have 

different properties to provide different separation mechanisms.11, 14  

 Adsorbent layers include silica gel, alumina, polyamides, and kieselguhr, of 

which silica gel is the most frequently used. These phases are relatively polar and the 

mobile phases used are less polar than the stationary phase. Separation occurs-based on 

hydrogen bonding and dipole-dipole interactions with the active sites on the sorbent.  
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 Bonded layers are stationary phases in which a functional group has been 

chemically bonded to silica gel. Common functional groups include alkyl (CH3, C2H5, 

C8H17, and C18H37), cyano, amino, and diol groups. The alkyl groups are hydrophobic and 

used for reversed phase separations, while amino and diol groups are hydrophilic and 

used for normal phase separations. Cyano layers can be used for either reverse or normal 

phase separations depending upon the polarity of the mobile phase. The mechanism of 

separation depends on the functional group. For the reverse phase systems, the 

mechanism is partitioning, whereas the for the normal phase systems, hydrogen bonding 

and dipole interactions dictate the separations.  

 Impregnated layers are commonly used for difficult separations, such as the 

separation of enantiomers. Typically, a commercially available stationary phase such as 

silica gel or alumina is impregnated by either immersing or developing the plate in a 

solution containing the impregnating reagent. After the plate is dry, the samples are 

applied to the plate and the plate is developed. The separation is-based on the interaction 

of the analytes with both the stationary phase and the impregnating agent. Many different 

chemicals have been used for impregnating plates, including buffers, chelating agents, 

and ion pairing reagents. Recently, both Machery-Nagel and Merck introduced plates 

impregnated with a chiral reagent for performing chiral separations.  

 There is ongoing research and development of TLC systems. Recently, the 

development of several novel stationary phases has been published, including 

molecularly imprinted polymers (MIPs) in which separations are-based on molecular 
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recognition and zirconia stationary phases which show potential for improving detection 

of analytes.15 

1.1.5 Detection and identification 

1.1.5.1 Visual evaluation 

The simplest method of evaluating a TLC plate following development is visual 

examination. For compounds that are intrinsically colored, this is a very straightforward 

procedure. Fluorescing compounds may be examined by illuminating the TLC plate with 

short- and long-wave ultraviolet (UV) light.  For compounds lacking color or a 

fluorophore, post-development derivatization may be used to make the compounds 

visible. A detailed summary of detection reagents for different functional groups and 

procedures for their use is given by Fried and Sherma.14 

Fluorescence quenching TLC (which actually is fluorescene shielding or 

masking—not true quenching) may also be used to visually examine developed TLC 

plates. A TLC plate containing a phosphor, typically zinc cadmium sulfide or manganese-

activated zinc silicate, is illuminated under short-wave UV light. Compounds containing 

a chromophore that absorbs near 254 nm will show up as dark spots on a yellow-green 

background.  If necessary, derivatization may be used to add an appropriate chromophore 

to the compounds.  

The above methods provide limited information about the separated compounds. 

Determination of the identity of an unknown compound is performed by comparing the 
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migration distance of the unknown compound to that of a known compound run under the 

same conditions. At best, visual methods of quantitation are a subjective measure done by 

comparing spot intensities. Fortunately, instrumentation is available that provides 

excellent quantitative information about the separated compounds.  

1.1.5.2 Flame ionization detection (FID) 

When analytes to be detected contain no chromophore, and derivatization with a 

chromophore is not desirable, flame ionization detection (FID) can be used. Typically, a 

sorbent layer applied to a quartz plate or rod is used for the separation. After the 

separation, the plate or rod is passed through a furnace where the analytes are 

successively vaporized or pyrolyzed. The FID signal from the pyrolyzed analytes is 

recorded to generate a chromatogram.  

1.1.5.3 Thin layer radiochromatography 

Thin layer radiochromatography is used for analysis of analytes that have been 

labeled with a radioisotope, such as for studies that are used to determine the fate of 

compounds in a chemical reaction, metabolic pathway, enzymatic activity, etc. There are 

three primary methods of detection: film autoradiography, zonal analysis, and in situ 

imaging methods with radiation detectors. In film autoradiography, X-ray or 

photographic film is placed in contact with the surface of the developed TLC plate for a 

set period of time. After the film is developed, there are dark spots on the film 

corresponding to each analyte. Zonal analysis involves scraping of a section of the 
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adsorbent and placing it in a vial with scintillation solution. A scintiallation counter is 

used to measure the amount of radiation-based on the light emitted from the scintiallation 

solution. For in situ analysis, there are several radiation detectors available, including 

digital autoradiography and phosphor imaging systems. These detectors provide excellent 

sensitivity, resolution, dynamic range, and speed.11  

1.1.5.4 Scanning densitometry 

Most in situ quantitative analysis of TLC plates is performed using a scanning 

densitometer. Scanning densitometers may be operated in either diffuse transmission or 

diffuse reflectance mode to analyze visible or UV absorbing compounds, fluorescent 

compounds, or fluorescence quenching on phosphor impregnated plates. The basic design 

of a slit-scanning densitometer consists of a light source, monochromator and/or filters, a 

detector, and an X-Y moveable stage to scan the plate as shown in Figure 1.2. TLC plates 

are placed on the stage, and the analysis can be performed parallel to the direction of 

solvent flow to provide chromatograms, or perpendicular to the direction of solvent flow 

to provide calibration information. Typical detection limits are low nanograms for 

absorbance measurements and low picograms for fluorescing compounds. The linear 

dynamic range is about 101-102 for absorbance measurements and 102-103 for 

fluorescence measurements.14  
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Figure 1.2. Block diagram of a single-beam scanning densitometer. 

1.1.5.5 Video densitometry (CCD imaging) 

Video densitometry uses a charge-coupled device (CCD) camera or a flat bed scanner 

[CCD or CIS (Contact Image Sensor) technology] to capture an image of an entire TLC 

plate. This offers several advantages over scanning densitometry. Imaging the entire plate 

at once provides a very rapid analysis. In addition, sample and calibrant information is 

acquired simultaneously and under identical conditions reducing error compared to slit 

scanning instruments. For good laboratory practices/quality control/quality assurance 

(GLP/QC/QA), the digital image of the plate can be easily stored and later recalled.  

Figure 1.3 shows an example of video densitometry setup utilizing a CCD camera for 

capturing images of TLC plates. 
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Figure 1.3. Setup for analysis of TLC plates using a CCD camera. 

 

The use of video densitometry for analysis of TLC plates has become common. 

Commercial instruments are now available through several manufacturers, including 

Camag,16 Bio-Rad, Kodak, and Fotodyne.17 Lawrence Livermore National Laboratories 

has developed a field-portable analysis kit that utilizes an off-the-shelf digital camera for 

analysis and quantitation of explosives separated on TLC plates.18, 19  

Numerous comparisons have been performed between slit scanning densitometry 

and video densitometry. Unlike slit scanning densitometry, video densitometry is limited 

to illumination using visible light or UV light sources. However, video densitometry was 

proven to be a faster analysis method that gave results equivalent to slit scanning 

densitometry for both visible, fluorescence,20, 21 and fluorescence quenching analyses.22 
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Numerous studies have shown that video densitometry provides a wider linear dynamic 

range and has better sensitivity than slit scanning densitometry.23, 24 

1.1.5.6 Mass spectrometry 

An area experiencing rapid development for the identification of separated 

components is the coupling of mass spectrometry (MS) detection to TLC separations. 

There currently are three ways to interface TLC to MS: eluting the analyte of interest 

from the stationary phase to introduce into the mass spectrometer, removing the section 

of sorbent containing the analyte of interest and introducing both to the mass 

spectrometer, and placing a section of the plate or the entire TLC plate in the mass 

spectrometer and using sputtering or desorption to extract the analytes of interest. The 

first two methods in which the analytes are removed from the TLC plate do not preserve 

the spatial resolution of the separation. The final method, in which an entire separation is 

placed in the mass spectrometer, does maintain the spatial resolution and has the ability 

to perform TLC-MS imaging. For imaging analysis, the sampling is performed point-by-

point on the TLC plate, and the sum of these data is used to create a map containing 

chemical information about the separation. 

The first type of analysis in which the analyte is removed from the stationary 

phase is very straightforward. The analyte can be extracted by volatilizing it into a gas 

stream or by extracting into a liquid solvent. The analyte can then be ionized using 

electron ionization (EI) or chemical ionization (CI).  
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For analyses in which the analyte is sputtered from the sorbent, either removed 

from the substrate supporting the sorbent or an intact TLC plate, ionization methods 

which transfer the analyte directly into the gas phase are required. These ionization 

methods include fast atom bombardment (FAB), secondary ion mass spectrometry 

(SIMS), and matrix assisted laser desorption ionization (MALDI). In FAB and SIMS, the 

material to be analyzed is bombarded with a beam of high energy atoms (FAB) or ions 

(SIMS). This energy is imparted into the sample molecues which are ionized and 

sputtered from the surface. For MALDI ionization, the sample is cocrystallized with a 

matrix. A laser beam is directed at the sample and the matrix absorbs the photons. The 

matrix is ionized which goes on to ionize the sample molecules.  

There are some limitations to TLC-MS analysis. In cases where an entire plate or 

chromatogram is not analyzed by rastering, analytes that can not be located, either 

through visual observation, fluorescence, or fluorescence quenching, must be derivatized 

in order to locate the sample for analysis. Sample introduction from the TLC plate into 

the mass spectrometer is a destructive process. This is of particular importance for mass 

spectral imaging techniques in which the sample flux into the instrument must be 

maintained for the length of time required to record the spatial information. Typical 

detection limits are in the low microgram range.11  

1.1.5.7 Raman spectroscopy 

Raman spectroscopy has been investigated as an in situ means of obtaining 

qualitative information from TLC separations. The Raman scattering of silica and 
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alumina is weak and should cause little interference in the acquired spectra. Typical 

detection limits are in the low microgram range. Surface enhanced Raman spectroscopy 

(SERS) and surface enhanced resonance Raman spectroscopy (SERRS) are used for 

increased sensitivity and can provide detection limits in the subnanogram range; 

however, the TLC plate must be silver coated prior to analysis.11  

1.1.5.8 Infrared spectroscopy 

Infrared spectroscopy is another common method of obtaining qualitative 

information about analytes on developed TLC plates.  Two approaches to infrared 

detection have been used: ex situ, where the sample is transferred off the TLC plate onto 

a medium more compatible with IR analysis, and in situ, where the samples are analyzed 

directly on the TLC plate. Each approach has advantages and limitations which will be 

discussed below.  

To avoid interference of the stationary phase with the analytes during IR analysis, 

the analytes can be transferred off the TLC plate into an IR transparent medium. Analytes 

that have been individually transferred from a TLC plate have been analyzed using both 

transmission and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS).  

For transmission analysis of an analyte, the analyte and sorbent are scraped from 

the TLC plate support and solvent is used to extract the analyte from the sorbent, 

followed by filtration or centrifugation to separate the sample from the sorbent. The 

extracted analyte is concentrated and analyzed using a liquid cell, a salt plate, or by 

preparing a KBr pellet. High nanogram detection limits can be obtained.25  



50 

  

Ex situ DRIFTS analysis is performed by placing a suitable substrate (typically 

KBr) for DRIFTS analysis in intimate contact with the TLC plate. Solvent is used to wick 

the analyte into the substrate, and DRIFTS is then used to analyze the sample. Analytes 

can be extracted discretely, such as with the “Wick Stick,”26 or in zones, which maintains 

the spatial resolution of the analytes.27-31 Typical detection limits for this method are tens 

of micrograms,27, 28 although a 100 ng detection limit has been reported.29  

While sample transfer methods prevent the interference of the sorbent during IR 

analysis, they do have some limitations. Sample transfer methods introduce the 

possibility of sample loss, decomposition, and contamination. The extraction of 

individual analytes is particularly complicated. The analytes must be located on the TLC 

plate either by the naked eye or using UV absorption on fluorescent plates. For analytes 

that cannot be located using these methods, derivatization methods cannot be used 

because this would alter the spectral characteristics of the analyte. Non-resolved analytes 

complicate matters further because of the difficulty involved in transferring only one 

analyte. 

In situ analysis avoids the previously mentioned risks of sample transfer analysis. 

The first in situ analysis of a TLC plate was performed by Percival and Griffiths.32 They 

created TLC plates in-house by coating silver chloride plates with TLC sorbent, 

performed a separation, and analyzed the compounds without having to extract them. 

Spectral features of the analytes were visible at quantities as low as 1 μg.  

More common is the analysis of compounds on a TLC plate using DRIFTS. The 

highly scattering nature of the TLC stationary phase makes it well suited to DRIFTS 
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analysis. By adding a stepper motor to a DRIFTS accessory, an entire TLC plate can be 

analyzed while eliminating the need to locate analytes on the plate. Typical detection 

limits are low micrograms.33-37 

There are some limitations to performing in situ DRIFTS on TLC plates. The high 

background absorbance of the stationary phase limits the usable spectral region for 

analysis to a narrow window of the mid-IR located between 3100–1650 cm-1.37 The 

‘reststrahlen’ effect, where the radiation is not diffusely reflected, but rather is reflected 

from the surface, occurs at wavelengths where the absorbance and refractive index of the 

silica gel is very high.  In addition, interactions of the analyte with the stationary phase, 

binder, and fluorescent indicator may alter the spectrum of the analyte so it is different 

from a reference spectrum.38 

Current systems for in situ IR analysis of analytes separated on a TLC plate rely 

on either visual detection of the analyte to align it in the IR beam or use of stepper motor 

to raster over the entire area of the plate. The former method fails when the analyte 

cannot be visualized either by the naked eye or using UV detection while the latter 

method is very slow. New technology may improve this situation by allowing researchers 

to perform in situ analyses of analytes on TLC plates without previous knowledge of the 

location of separated analytes.  

One potential detection system for analyzing entire TLC plates is infrared 

imaging instruments. Relatively new to the scientific community, infrared imaging 

instruments provide a spectrochemical analysis of an imaged area. The spectrochemical 

image combines spatial information with spectral information resulting in a map of the 
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sample that shows its chemical composition. Although current instruments can only 

image a small area, in the future they may provide a method to capture the 

spectrochemical image of an entire TLC plate. For the analysis of TLC plates, 

spectrochemical imaging would provide rapid analysis, enhanced chromatographic 

resolution in which chromatographically unresolved peaks can be resolved by filtering 

the chromatogram according to IR absorption peaks, and give a digital record of both the 

TLC separation and the identity of the separated components. 

In infrared spectrochemical imaging, infrared light is transmitted through or 

reflected off of a sample. The light is filtered by frequency, and each frequency is imaged 

onto a focal plane array (FPA).  After each wavelength of light has been scanned and 

recorded on the FPA, an image cube (Figure 1.4) is created that contains the spatial and 

spectral features of the sample. Each pixel of the FPA corresponds to a region on the 

sample and contains a spectrum of that region.  
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Figure 1.4.  Example of an image cube collected using an infrared imaging system. 
Spatial information is recorded on the x and y axes. The y axis shows the chromatogram 
while the z axis shows the infrared spectrum. 

 

 While IR detection provides a method to acquire spectral information of analytes 

on a TLC plate, the strong silica absorbance limits the useful working region of the IR 

spectra and creates a high background which makes it difficult to detect analytes at low 

concentration. It was hypothesized that a very thin stationary phase would reduce the 

background absorbance of the silica by reducing the effective optical pathlength. It was 

further hypothesized that a sol-gel-based stationary phase could provide a silica gel-like 
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stationary phase while being thin enough to reduce the background silica absorbance that 

currently hampers in situ IR analysis.  

The research presented here demonstrates the use of sol-gel chemistry to make a 

stationary phase for TLC that is also compatible with infrared spectroscopy. Silica-based 

sol-gel films were chosen to make the stationary phase for infrared analysis-based on 

their similarity to traditional silica sorbent, the ability to tailor the porosity and surface 

area, and the ability to alter the chemistry of the film. In addition, because the films are 

deposited directly onto a substrate, no binder is necessary. This aids in making the film 

thinner and reduces possible interactions with analytes that could alter the IR spectra. It 

was thought that by using a sol-gel film with a surface area and porosity similar to a 

standard TLC plate, only a thin sol-gel film would be needed to perform a chemical 

separation equivalent to that of a TLC plate. The thin sol-gel film would then have 

minimal contribution to the background in transmission infrared analysis of the sol-gel-

based TLC plate.  

1.2 Diffuse reflectance spectroscopy 

Because TLC stationary phases are highly scattering, all optical measurements are 

either diffuse reflectance or diffuse transmittance measurements. One of the most widely 

used theories to describe diffuse reflectance/transmittance is the Kubelka-Munk theory,39 

which is commonly presented as: 
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K is the Kubelka-Munk absorption coefficient, S is the Kubelka-Munk scattering 

coefficient, and R∞ is reflectance of an infinitely thick sample, i.e., no light is transmitted 

through the sample. Often sample thicknesses of a few millimeters are sufficient to be 

considered “optically thick.” Because TLC plates are typically 100–200 μm thick, they 

are not considered to be optically thick.  

Kubelka went on to develop a set of equations relating the reflectance and 

transmittance to the thickness of the sample:40  
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T and R are the transmittance and reflectance of the sample, respectively, d is the 

sample thickness, and a and b are constants related to K and S by:  
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Equation 1.29

( )12 −= ab  Equation 1.30

These equations were used to develop a simple model to estimate the effect of 

layer thickness on the diffusely transmitted and reflected light in coupled TLC-IR 

experiments. Because of assumptions and limitations of Kubelka-Munk theory, this 

model only serves to identify trends in transmittance and reflectance. K and S are 

phenomenological parameters, so they must be experimentally determined and cannot be 
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estimated well-based on the physical properties of the material. For this simple model, 

values of K and S were estimated using the OH band at approximately 3300 cm-1 using 

data reported by Fuller and Griffiths41 and Percival and Griffiths.32  

Fuller and Griffiths presented the reflectance spectrum acquired using a 

conventional DRIFTS accessory for an infinitely thick sample of silica gel used as a TLC 

sorbent. At a wavelength of ~3300 cm-1, the value of R∞ is approximately 4%. By 

substituting 0.04 as the value of R∞ into Equation 1.26, a value of approximately 10 is 

obtained as an estimate of the ratio of K/S.  

Next, the transmittance spectrum of a 100 μm thick layer of silca gel reported by 

Percival and Griffiths was used to estimate the value of K. The spectrum shows an 

approximate percent transmittance of 4% at ~3300 cm-1. Equation 1.29 and Equation 1.30 

were used to calculate a and b using the ratio of K/S of 10 determined in the previous 

step. The values of d, a, and b were substituted into Equation 1.27, and the value of S was 

adjusted until T was approximately equal to 0.04 at a film thickness of 100 μm. The 

resulting value of the scattering coefficient, S, was approximately 30 and therefore the 

absorption coefficient, K, is approximately 300 at 3300 cm-1. These values indicate that 

silica gel is a highly absorbing medium. 

The calculated values for K and S were substituted into Equation 1.27 and 

Equation 1.28, and plots of R and T as a function of film thickness were generated. These 

are shown in Equation 1.5. The plots show that for a strongly absorbing and scattering 

medium, the layer thickness does not have much effect on the reflected light intensity but 

strongly affects transmitted light intensity at film thicknesses less than 100 μm. At 
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thicknesses greater than 100 μm, most light is absorbed by the stationary phase and very 

little light is reflected or transmitted. 

 

 

Figure 1.5. Diffuse transmission and diffuse reflection at 3300 cm-1 as a function of film 
thickness. 

 

Because infrared detectors are detector noise limited,42 it is highly advantageous 

to maximize the light incident on the detector.43 The plots shown in Figure 1.5 indicate 

that for layer thicknesses less than 100 μm, diffuse transmittance measurements provide 

significantly more light to the detector than diffuse reflectance measurements. The above 

plots only consider the effect of the film on the diffuse transmission and reflection 
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measurements. While going to thinner layers improves the diffuse transmission, there is a 

tradeoff to consider in that the effective pathlength of the sample is reduced to the point 

that its analytical signal cannot be detected.  

To determine a film thickness that maximizes diffuse transmission while 

providing a detectable analytical signal, percent transmission was calculated using 

Equation 1.27 for a thin film and a thin film with an analyte applied to it. For the thin 

film, the previously calculated values for K and S were used. It was assumed that the 

difference in absorbance for the thin film and the thin film with the analyte was ΔK and 

that the addition of the sample did not change the value of S. Using K and S values of 300 

and 30, respectively, for the thin film, and 300 + ΔK and 30 for the thin film with the 

analyte, transmittance at different film thicknesses was calculated for each scenario. The 

difference in transmission was calculated by subtracting the transmittance of the thin film 

from the transmittance of thin film with the analyte. The difference in transmission is 

plotted as a function of film thickness in Figure 1.6. The plot shows the largest difference 

between the transmittance of the film and the transmittance of the film + analyte occurs at 

approximately 30 μm. This illustrates the tradeoff between total light intensity through 

the film and the absorbance of the analyte. At thicknesses less than 30 μm, the effective 

pathlength of the sample is too short to obtain a good analytical signal, while at 

thicknesses greater than 30 μm, the stationary phase absorbance affects the measured 

signal. 
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Figure 1.6. Plot of transmittance difference as a function of film thickness at 3300 cm-1.  

 

This simplistic model of the effect of layer thickness on diffusely transmitted and 

reflected light shows that if a stable, silica gel-like TLC stationary phase between 20–40 

μm thick could be created using sol-gel chemistry, the potential exists to have a broader 

spectral window available for analyte detection and enhanced detection limits. 

1.3 Sol-gel chemistry 

The field of sol-gel chemistry has undergone extensive growth in the past several 

decades due to the widespread application of sol-gels and the ease of tailoring their 

chemistry. Sol-gels have been used in many applications including optics, chemical 
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sensors, coatings, and ceramics.44-47 By controlling the sol-gel process, the 

physiochemical attributes of the hardened gel can be tailored to suit the specific needs of 

an individual application. Different structures, such as monoliths, films, fibers, and 

powders, can be made to suit specific applications. Beyond controlling the shape of the 

final gel, researchers have the ability to control many other properties of the sol-gel such 

as the functional groups, porosity, optical characteristics, hardness, and durability, to 

name a few. 

The sol-gel process is a multistage approach to creating a solid inorganic network. 

In the first stage, inorganic metal salts or metal alkoxides react to create a sol, a colloidal 

suspension of solid particles in a liquid.44 Next, the sol is processed to form a solid 

inorganic network, the gel. The gel can take different structures depending upon the 

processing of the sol. If the solvent is evaporated from the sol, a dense xerogel is formed 

that can be sintered to form a dense ceramic. Solvent extraction creates a low density 

aerogel. Coating the gel on a suitable substrate and allowing the solvent to evaporate 

creates a thin xerogel film that densifies when heated. Other processing methods can 

create uniform particles and fibers.44-47  

1.3.1 Sol-gel process 

The sol-gel process consists of three chemical reactions: hydrolysis, water 

condensation and alcohol condensation, as shown in Figure 1.7. In the hydrolysis 

reaction, the alkoxy groups on the metal alkoxide are replaced with hydroxy groups. 

During condensation, the silanol groups react to form siloxane bonds, and the inorganic 
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network is built. Numerous factors affect these reactions, and, in turn, affect the 

characteristics of the final gel. Hydrolysis and condensation occur simultaneously so the 

influence of the variables on the overall process must be considered rather than the effect 

on the individual reactions of hydrolysis and condensation. A brief summary of the 

influence of these variables on the sol-gel process using silicon alkoxides is given in  

Sections 1.3.1.1–1.3.1.3.  

 

 

Figure 1.7. Three reactions occur during the sol-gel process: hydrolysis, water 
condensation, and alcohol condensation. 

1.3.1.1 Cosolvent 

 Most metal alkoxides are hydrophobic and immiscible in water. Therefore, a 

cosolvent must be used to create a miscible solution. Often, the cosolvent is the alcohol 

of the alkoxy group on the metal alkoxide; i.e., methanol is the cosolvent when the 

substituent is a methoxy group, ethanol is the cosolvent when the substituent is an ethoxy 
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group, etc. The choice of cosolvent does not affect the molecular structure, but does 

influence the texture and morphology of the sol-gel.48  

1.3.1.2 Water:Si ratio 

The ratio of water to Si (Rw) influences the reaction rate and the density and 

porosity of films. The fastest reaction rate is observed when Rw is near the stoichiometric 

equivalent. The addition of excess water beyond the stoichiometric equivalent slows the 

condensation reaction because the water drives the hydrolysis reaction and pushes the 

equilibrium away from the condensation reaction.44 

Numerous studies have been performed to determine the effect of Rw on sol-gel 

films. McDonagh et al.49 prepared sol-gel films by mixing TEOS, water, and ethanol with 

HCl for the catalyst. The water/ethanol ratio was not given. Rw was varied from 2–7. The 

solutions were stirred for 1 h and aged at 70 °C for 5 h. Glass slides were then dip coated 

at a speed of 1 mm/s. The film thickness increased up to Rw  =  6 and then decreased. For 

comparison, Fardad et al.50 prepared sol-gel films by mixing equal volumes of TEOS and 

ethanol, stirring for 10 min, and then adding 0.1 M HCl to achieve an Rw of 2. Additional 

water was added to give solutions with Rw of 3, 4, and 5. The solutions were aged at 70 

°C for 2 h and then aged for 24 h at room temperature. Finally, they were diluted with 

ethanol prior to spin coating. Silicon wafers were spin coated at 5000 rpm for 15 s, and 

the coated wafers were baked at 100 °C for 5 min. Further annealing occurred at 

temperatures ranging from 100–1000 °C. The results showed that the film thickness, 

degree of shrinkage, and pore volume all decreased as Rw increased. These two studies 
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show that Rw does influence the physical properties of the final xerogel, but other 

variables are in play so that the effect of Rw cannot be predicted. 

1.3.1.3 pH 

The pH of the precursor solution largely influences the gelation time. Gelation is 

slowest at pH  =  2.2, the isoelectric point of silica. The gelation time rapidly increases as 

the pH is raised or lowered.  

The pH controls the microstructure of the inorganic network. During the 

hydrolysis reaction, Si(OR)4 successively hydrolyzes into the following species: 

Si(OR)3(OH), Si(OR)2(OH)2,  Si(OR)(OH)3, and Si(OH)4. Under acidic conditions, the 

precursor molecules become more unstable as the alkoxy groups are replaced with 

hydroxyl groups, so the condensation reaction occurs before the silicon precursor has 

been fully hydroxylated. After the initial condensation reactions, there are still many 

active sites in the inorganic network for further condensation to occur and the fully 

reacted inorganic network is very dense. Under basic conditions, the precursor molecules 

become more stable as more hydroxyl groups are added to the silicon precursor, and the 

condensation reaction is fastest for fully hydroxylated species. This results in an 

inorganic network of densely linked sols with few linkages to other sols. This gives a 

highly porous network between the particles and the pore diameter is large (Figure 1.8). 
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Figure 1.8. Under acidic conditions, a very dense inorganic network is created. Basic 
conditions yield an inorganic network of dense clusters linked together. 
 

Many other variables affect the microstructure of sol-gels. These include aging 

time and temperature, choice of catalyst, and drying time and temperature. The sol-gel 

process is complex, and often considerable development is needed to prepare the desired 

product. 

1.3.2 Porous sol-gels 

In 1992, Mobil introduced ordered mesoporous molecular sieves. MCM-41 was a 

sieve-based on silicate/aluminosilicate chemistry which demonstrated a hexagonal 

arrangement of mesopores. The size of these pores could be varied from 15 to <100 

angstroms. The ordered hexagonal structure was made by templating the inorganic silica 

around quaternary ammonium surfactants. By varying the chain length of the surfactant, 

the pore diameter could be changed.51  
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Figure 1.9. Use of template molecules to create a porous network. 

 
 

Figure 1.9 illustrates the use of templating molecules to create mesoporous 

networks. The precursor molecules arrange around the template molecules and then are 

cross-linked to form a network. The template molecule is then removed leaving a porous 

network where the pores are the size of the template molecule. By using self-assembling 

surfactants as the templating agent, highly ordered porous networks can be formed which 

have high surface area, narrow pore size distribution, and adjustable pore size.52 These 

are traits that are very desirable for creating monolithic sol-gel-based chromatography 

stationary phases. 
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1.3.3 Sol-gel-based chromatographic stationary phases 

1.3.3.1 HPLC columns 

Precedence does exist for using sol-gel chemistry to create chromatographic 

stationary phases. Monolithic sol-gel columns for HPLC were first reported by Nakanishi 

and Soga in 1992.53, 54  This was followed by Merck introducing the first commercial 

monolithic HPLC column, Chromolith™, in 2002.55 Other brands of monolithic HPLC 

columns are now available, but for ease of comparison, data from the Chromolith™ series 

will be used here.  

Monolithic silica HPLC columns are prepared by mixing an alkoxysilane with the 

templating molecule and allowing the sol to gel, age, and dry in a cylinder. The xerogel is 

then derivatized with the desired functional group and shrink wrapped with 

polyetheretherketone (PEEK) cladding.55 The monolithic columns can be used on any 

HPLC instrument in the same manner as traditional, packed-bed columns. 

The Chromolith™ HPLC columns have a bimodal pore structure with macropores 

of approximately 2 μm in diameter and mesopores of approximately 13 nm in diameter as 

shown in Figure 1.10. The macropores allow for rapid eluent flow while the mesopores 

provide a high surface area for the separation.  

Table 1.1 compares the physical properties of a monolithic C18 Chromolith™ 

column to a traditional packed particle Kromasil™ C18 column. 
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Figure 1.10. SEM of a cross section from a Chromolith HPLC column.56 

 

Table 1.1. Comparison of physical characterics of a C18 Chromolith™ column and a C18 
Kromasil™ column. 

 Chromolith™ 57 Kromasil™ 58 
Particle shape/size Monolithic Spherical, 5 μm 

Phase RP-18 endcapped RP-18 endcapped 
Surface area 300 m2/g 340 m2/g 
Pore volume 1 mL/g 0.9 mL/g 
Carbon load 18% 19% 

Pore size 2 μm, 13 nm 10 nm 
Total porosity >80% ~65%55 

 
 Monolithic sol-gel columns offer enhanced performance over traditional packed-

bed HPLC columns. The large diameter of the macropores (throughpores) allows flow 

rates of up to 9 mL/min for analytical separations while maintaining a low backpressure 
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on the monolithic columns. The high flow rate results in enhanced throughput, and 

because of the low pressure drop across the column, multiple columns can be connected 

in series for improved separation.  

 Monolithic silica columns have lower plate heights than packed particulate 

columns. When considering the van Deemter equation, the A term, multiple paths, 

becomes markedly smaller because of the large size of the throughpores. The rapid flow 

rates used with monolithic columns reduce the B term, longitudinal diffusion; however 

axial and eddy dispersion is increased.59 The effect of the C term, mass transfer, is more 

complicated. A review of H/u curves produced using Chromolith™  columns show that 

the C value does not change significantly with changes in the flow rate. This is in contrast 

to a particulate-based HPLC column where C is proportional to the flow rate. A 

particulate-based column has an interstitial space/particle size ratio between 0.25–0.40 

while the throughpore/skeleton size ratio is between 1–2 for monolithic silica columns. 

The high ratio of open space to solid results in faster mass transfer in monolithic columns 

due to shorter diffusion distances.60 For monolithic columns, band broadening due to 

mass transfer is primarily controlled by surface diffusion.59, 60  

1.3.3.2 TLC plates 

1.3.3.2.1 Work performed at The Hebrew University of Jerusalem 

Sol-gel-based TLC plates were first reported by Avnir, Ottolenghi, and Lev in 

1994.61 In their first experiment, doped sol-gel glass was used to make a TLC plate that 
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could be used for both separation and compound visualization. Tetramethoxysilane, 

methanol, water, sodium hydroxide, and either 1,10-o-phenanthroline or 1-nitroso-2-

naphthol were mixed and allowed to gel. After the sol-gel was dried, it was crushed and 

mixed with 70-230 mesh ASTM Kieselgel 60. This mixture was used to create 0.5 mm 

thick TLC plates using CaSO4 and starch as the binder. TLC plates containing 1,10-o-

phenanthroline were developed in solutions containing ferrous ammonium sulfate. The 

length of the stain produced from the complexation of 1,10-o-phenanthroline and ferrous 

ammonium sulfate was shown to be proportional to the concentration of iron in the 

solution and the weight percent of 1,10-o-phenanthroline in the TLC plate. The plates 

containing 1-nitroso-2-naphthol were used to detect the presence of cobalt, iron, or 

copper in solution. The TLC plates were able to separate the cobalt, iron, and copper 

ions. The iron and cobalt complexes were different colors allowing for the visual 

detection of each ion; however, the copper and iron complexes were similarly colored so 

further visualization by exposing the TLC plates to ammonia vapor was required. 

In their second set of experiments, Avnir et al. used doped sol-gel TLC plates to 

demonstrate the removal by chelation of compounds that interfere with a separation. Sol-

gel doped with 1,10-o-phenanthroline (0.5 g) was crushed and mixed with 70-230 mesh 

ASTM Kieselgel 60 (3.6 g) to create 0.5 mm TLC plates. Control plates that did not 

contain doped sol-gel material were also prepared. These plates were used to separate a 

sample containing 1:1:1 L-histidine/D-phenylalanine/ferrous ammonium sulfate using 

70:30 ethanol/water as the mobile phase. The L-histidine showed considerable tailing on 
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the control plate while it was Gaussian shaped on the sol-gel doped TLC plate due to the 

chelation of the iron by 1,10-o-phenanthroline. 

In the above experiments, the full potential of sol-gel-based TLC plates was not 

realized because the sol-gels were crushed and mixed with Kieselgel. In the above 

example, the sol-gel/Kieselgel ratio was 1:7. It is reasonable to conclude that the 

Kieselgel played a significant role in the separation of the amino acids due to the large 

amount present, and its characteristics make it an excellent sorbent for the separation of 

amino acids.14  

The creation of monolithic sol-gel films for thin layer chromatography was 

introduced by Tsionsky, Vanger and Lev.62, 63 Bromocresol purple crystals were used as 

the templating agent. Films were prepared by mixing 1.5 mL methanol, 0.5 mL 

methyltrimethoxysilane, 0.05 mL of 11 M hydrochloric acid, and 0.18 g bromocresol 

purple for 4 minutes. Following mixing, microscope slides (25 × 75 mm) were coated 

with 0.2 mL of solution and dried overnight in ambient conditions. The plates were 

washed in ethanol to wash the bromocresol purple out of the film. Resulting films were 

10–12 μm thick. Methanol was able to migrate 6 cm in 15 minutes. These films were 

used to separate amino acids and dyes, although no data regarding the resolution of these 

separations were reported. In addition, no information was given regarding porosity, 

surface area, and theoretical plate height. Efforts to reproduce these sol-gel films were 

unsuccessful and will be discussed in Section 2.1. 
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1.3.3.2.2 Work performed at Merck KGaA 

The Merck company also has reported the development of sol-gel-based thin-

layer chromatography plates.64-66 The experimental details of their work is proprietary 

and not reported in any published papers. Numerous separations were demonstrated, 

including amino acids, pesticides, phenols, plasticizers, lipophilic dyes, and 

pharmaceutically active ingredients. Separations occurred over approximately 6 minutes 

for a 3 cm solvent migration. Characterization of the sol-gel shows a layer thickness of 10 

μm with 1–2 μm diameter macropores and 3–4 nm mesopores. The specific surface area 

is 350 m2/g and the specific pore volume is 0.3 mL/g. Plate heights were measured on a 

sol-gel-based TLC plate, a silica gel 60 TLC plate, and a silica gel 60 high performance 

TLC (HPTLC) plate using caffeine and paracetamol. The results are summarized in Table 

1.2. The data show the sol-gel-based TLC plates are more efficient than traditional TLC 

plates, but do not yet reach the efficiency of HPTLC plates.  

 

Table 1.2. Comparison of retention, plate height, and resolution for sol-gel-based TLC, 
HPTLC, and TLC. 

   Rf Plate height (μm)  

Layer Sample 
volume 

Solvent 
front Caffeine Paracetamol Caffeine Paracetamol Resolution 

Sol-gel 
TLC 10 nL 1 cm 0.15 0.45 104 80 2.1 

HPTLC 100 nL 5 cm 0.13 0.37 50 30 4.6 

TLC 2 μL 10 cm 0.10 0.32 172 52 4.1 
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1.4 Approach to coupling TLC to IR spectroscopy 

IR detection of TLC plates provides a method to acquire spectral information of 

analytes on a TLC plate; it is still hampered by the strong silica absorbance of the 

stationary phase. The silica absorbance limits the useful working region of the IR spectra 

and creates a high background. It was hypothesized that a very thin stationary phase 

would reduce the background absorbance of the silica by reducing the effective optical 

pathlength. A simple model of the effect of layer thickness on diffusely transmitted and 

reflected light shows that if a stable, silica gel-like TLC stationary phase between 20–40 

μm thick could be created, the potential exists to have a broader spectral window 

available for analyte detection and enhanced detection limits. 

This document describes the development and evaluation of silica-based sol-gel 

films as stationary phases for TLC coupled with infrared spectral analysis. The 

development and chromatographic evaluation of sol-gel film TLC stationary phases is 

described in Chapters 3 through 7. Chapter 8 details the performance of FTIR as a 

quantitative and qualitative analysis technique for compounds separated on sol-gel TLC 

plates. 
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2 DEPOSITION METHODS FOR THE CREATION OF SOL-GEL 
STATIONARY PHASES 

Several methods of deposition were evaluated for use in creating sol-gel-based 

TLC films suitable for infrared analysis. The sol-gel films needed to possess the 

following chromatographic properties of TLC plates: a high surface area to maximize 

sample interaction with the sorbent, an interconnected pore structure to allow for solvent 

migration, and a high sample capacity to prevent sample overload and to facilitate optical 

detection. In addition, the layer thickness needed to be tens of microns in order to lessen 

the silica absorption bands in the IR.  

Due to drying stresses, it is very difficult to make crack-free, inorganic films 

thicker than ~1 μm.44, 67 However, by adding a non-reactive, organic functional group to 

the precursor organosilane (called Organically Modified Silanes, Ormosils), films have 

been prepared that are tens of microns thick.67-70 Because of the non-reactive functional 

group, Ormosils can only form three bonds to other species, compared to the non-

modified organosilanes which can form four bonds. In the Ormosil-based sol-gel 

network, the unreacted functional group provides a degree of flexibility in the film which 

aids in preventing cracking as the film dries.67 For preparing thick sol-gel films for use as 

a chromatographic stationary phase, methyltriethoxysilane (MTES) was chosen for as the 

precursor organosilane rather than tetraethoxysilane (TEOS). 

Several types of deposition were evaluated, beginning with pipet deposition, 

which has been used in the past to make sol-gel films used for thin layer chromatography. 

Spin and dip coating are common deposition techniques used for making thin 
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(nanometers) films, and attempts were made to adapt these methods to thick (microns) 

film  deposition. Aerosol deposition has been reported for producing thick sol-gel films. 

Several methods of aerosol generation were tested, including an ultrasonic nebulizer, an 

airbrush, a parallel path nebulizer, and a concentric nebulizer. Aerosol nebulization using 

a concentric nebulizer gave the best results. 

Due to the large number of variables in the sol-gel process studied during the 

course of this work, each recipe is has been named using following the format, Recipe X-

Y. X is the chapter where the recipe is first introduced and Y is the order in which the 

recipe was introduced. Please refer to Appendix A for a key to recipe names, ingredients, 

and processing details. 

2.1 Pipet deposition 

Initial attempts to make a sol-gel-based TLC plate used a pipet for direct 

deposition of the sol onto the microscope slide, as described by Tsionsky, Vanger and 

Lev.62, 63 Microscope slides were prepared by soaking in 1 M NaOH for 30 minutes, and 

then rinsing in deionized water followed by drying under nitrogen. This cleaning 

procedure was chosen as a simple method for activating the surface silanols for the sol to 

react with and to promote wetting of the slide by the sol following pipetting of the sol 

onto the slide. A mixture containing methyltriethoxysilane (MTES) / methanol (MeOH) / 

water (H2O) / bromocresol purple (BCP) at molar ratios of 1.0 : 15: 1.0 : 0.1 was 

prepared. Hydrochloric acid (12 M) was added to lower the pH to 0.5 and catalyze the 

sol-gel reaction. The solution was mixed for 4 minutes prior to deposition (Recipe 2-1). 
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Between 200–500 μL of the sol-gel solution was pipetted onto each microscope slide. In 

order to promote even spreading of the sol, the slides were placed on a leveled table, 

which was placed in a dessicator containing a saturated solution of MgNO3 to provide 

controlled humidity of 54%. The humidity in the dessicator was increased over the 

ambient humidity to provide a source of water for the sol-gel reaction.63 The sol-gel films 

were dried overnight in the dessicator followed by washing the films 3 times in MeOH. 

Following washing, the sol-gel films were opaque and white with no residual color left 

from the BCP. 

The sol-gel films produced with this method were not reproducible. They were 

either uniform through the middle of the slide with a thick ring around the edge or were 

very inhomogeneous due to the aggregation of BCP microcrystals as shown in Figure 2.1.  

 

Figure 2.1. Drawing of the sol-gel films made using BCP as a templating agent. The film 
on the left has a thick ring around the edge. The film on the right is inhomogeneous due 
to BCP crystallization during the drying. 
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In an attempt to eliminate the crystallization of BCP in the sol-gel film, the 

amount of MeOH was increased to give a solution of MTES/MeOH/H2O/BCP at molar 

ratios of 1.0 : 19 : 1.1 : 0.1 at pH 0.6 (Recipe 2-2). The same procedure discussed above 

was used for sol-gel deposition and drying and for washing the microscope slides. The 

aging time was increased to an hour to allow the development of the sol prior to 

deposition. As with the previous recipe, the resulting sol-gel films were very 

inhomogeneous. However, when this recipe was aged for a week prior to deposition 

(Recipe 2-3), the sol-gel films had a uniform center and a thicker ring around the outside. 

By using a razor blade to scrape the thicker ring off the slide, these sol-gel films had the 

potential to be used for chromatography. Nevertheless, despite appearing uniform after 

the removal of the thicker sol-gel ring from the edges of the slide, when the films were 

placed in a TLC chamber to test solvent migration the solvent front would be uneven or 

would not migrate up the full length of the plate.  

The problems of crystal aggregation and poor solvent migration were determined 

to be due to the difficulty of controlling the level of crystallization of the template 

molecule, BCP. In order to form an interconnected porous structure, the BCP must be 

present at levels in excess of its saturation limit, creating a suspension of BCP 

microcrystals that form the pores within the sol-gel film.63 If the concentration of BCP is 

too low, the pores are not connected, which leads to poor solvent migration. Conversely, 

if the concentration of BCP is too high, the microcrystals aggregate, leading to 

inhomogeneous films.  
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Due to the difficulty of obtaining consistent results with the BCP-containing 

recipes, cetyltrimethylammonium bromide (CTAB) was tested as a template agent for the 

sol-gel films. CTAB is a cationic surfactant with a chain length of 16 carbons that forms 

self-assembled structures.71-73 It is commonly used for templating mesoporous sol-gels.71, 

74-76  

A new recipe was prepared in which a straight molar substitution of CTAB was 

made for BCP. A solution of MTES/MeOH/H2O/CTAB at molar ratios of 1.0 : 15 : 1.0 : 

0.1 and pH 0.5 was prepared and aged for 1 hour at room temperature (Recipe 2-4) prior 

to deposition of 200 μL onto each microscope slide, which had been cleaned with 1 M 

NaOH. The slides were dried overnight on a level table in a dessicator containing 

saturated Mg(NO3)2 solution to maintain a constant humidity of 54%. Following drying, 

the CTAB was removed from the films by washing the slides 3 times in MeOH.  

As with the sol-gel films made using the BCP template, the results were 

inconsistent. The films either had a uniform middle with a thicker ring around the edge, 

or the dried film did not cover the entire slide, having drawn in upon itself after the 

deposition, as shown in Figure 2.2. The latter situation was the more commonly 

observed. 
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Figure 2.2. Drawing of the sol-gel films made using CTAB as a templating agent. The 
film on the left has a thick ring around the edge. The film on the right is irregularly 
shaped because the sol pulled into the middle of the slide as it dried. 

 

In an effort to improve the film quality by slowing the rate of solvent evaporation, 

the recipe was modified by replacing the MeOH with an equal volume of ethanol (EtOH) 

or by increasing the amount of water for both BCP and CTAB containing sol-gel 

solutions. Substitution of EtOH did not give any change in the final film quality, and the 

films looked similar to those shown in Figure 2.2. Using additional water in the recipe 

resulted in a sol that was very viscous and did not spread well across the slide. As a 

result, the original deposition amount of 200 μL was not sufficient to cover the slide. The 

slide could be fully covered by increasing the deposition volume to 1 mL, but as the film 

dried and shrank, it pulled away from the slide and cracked. 

Under the assumption that the poor film quality was due to the sol not wetting the 

slide, a new cleaning procedure for the microscope slides was used, as described by Cras 
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et al.77 In Cras’ study, the contact angle of water on slides that were soaked in 1:1 

MeOH/HCl followed by soaking in H2SO4 was much lower than the contact angle of 

water on slides soaked in 1 M NaOH, indicating that the former procedure results in 

better wetting of the slides. For the new cleaning procedure, the slides were washed with 

neat Micro Liquid Laboratory Cleaner (International Products Corporation, Burlington, 

NJ, USA). Next, they were soaked for 30 min in a 1:1 MeOH/HCl solution. After rinsing 

the slides in deionized water, the slides were soaked in concentrated H2SO4 for 30 min. 

The slides were rinsed with deionized water and then dried under N2. The sol (Recipe 2-

4) was immediately deposited onto the slides. Unfortunately, no improvement was seen 

in sol-gel film quality. 

2.2 Spin coating 

Spin coating is a common method of sol-gel deposition and was evaluated for 

making thick, porous films. In spin coating, the sol is loaded onto the slide and then the 

slide is rapidly spun, causing the sol to spread to the edges of the slide, and excess sol is 

spun off the slide. Typical film thickness seen with spin coating is in the nanometer 

range, and the thickness depends on numerous variables, including the rate of revolution 

and sample viscosity.44 

Spin coating was evaluated using Recipes 2-1, containing BCP as the templating 

agent, and Recipe 2-4, containing CTAB as the templating agent. The microscope slides 

were cleaned by soaking them in 1:1 MeOH/HCl followed by H2SO4, as described in the 

previous section. The slides were spun at 833 rpm, and 1 mL of solution was used per 
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slide. After washing the templating agent out of the sol-gel film, the film appeared 

colorless and transparent with a smooth surface and had tidal lines from the spinning 

motion for both the BCP and CTAB containing sol-gel films. They were not suitable for 

chromatography because solvent could not be incorporated into the film due to the glassy 

surface, indicating that pores were not formed, or that pores were present, but the top 

surface of the sol-gel film annealed making the pores inaccessible.  

2.3 Dip coating 

Dip coating is commonly used as a method of sol-gel deposition. The substrate is 

immersed in the sol and then slowly withdrawn. During withdrawal, an inner layer of the 

sol is retained on the substrate, and an outer layer of the sol drains off the substrate. Film 

thickness is dependent on the withdrawal speed and sol viscosity. Film thickness 

typically is less than 1 μm.44 

A solution of consisting of MTES/MeOH/H2O/BCP at ratios of 1.0 : 15 : 1.1 : 0.1 

at pH 0.5 was aged for 1 h prior to dip coating (Recipe 2-5). Microscope slides were 

washed for 30 min in 1:1 MeOH/HCl followed by 30 min in concentrated H2SO4 and 

then rinsed in deionized water. The slides were dried with N2 and were used immediately 

for dip coating. The slides were immersed in the sol-gel solution and withdrawn at a 

speed of 2 cm/min. To increase the film thickness, each slide was coated four times and 

between each coating was dried in a dessicator containing a saturated solution of NaI to 

provide a relative humidity of 39%. The films were washed three times in MeOH to 

remove the BCP. As seen with the spin coated sol-gel films, the surface of the dip coated 
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films was very smooth. However, rather than being transparent like the spin coated films, 

the dip coated films were hazy. The haziness of the films indicated the presence of pores 

large enough to scatter visible light. However, solvent could not be incorporated into the 

film, most likely due to the surface of the film being annealed and closing off the pores.  

2.4 Aerosol coating 

Another method of sol-gel deposition is aerosol coating. Unlike pipet deposition, 

spin coating, and dip coating, film thickness during aerosol deposition is dependent 

primarily on the length of time the substrate is exposed to the aerosol. The use of BCP as 

a template molecule was abandoned because the microcyrstals in the solution caused 

clogging of the nebulizer. Several aerosol deposition techniques were evaluated 

concurrently using Recipe 2-6, which was a modification of Recipe 2-4 where the 

concentration of MeOH was increased to lower the solution viscosity.  

2.4.1 Ultrasonic nebulization 

Ultrasonic nebulization has been extensively explored by Langlet et al.78-84 A 

diagram of their deposition system is shown in Figure 2.3. The sol was placed in a glass 

reservoir that was fitted with a piezoelectric transducer operated at its resonance 

frequency of 800 kHz. This created a mist at the surface of the liquid. Purified air was 

bubbled through ethanol and then used to transport the generated aerosol through a 

nozzle into the deposition chamber. The aerosol traveled though the deposition chamber 

parallel to the substrate. Parallel aerosol flow was chosen in order to minimize turbulence 
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at the substrate surface. In order to get good reproducibility and control the evaporation 

of the solvent during aerosol transport, the entire system was maintained at a constant 

temperature by enclosing it in temperature controlled, circulating water bath. The films 

were transparent and had a refractive index ranging from 1.47–1.41 between 350–750 

nm.78 Deposition times of 15–30 s gave films 0.1–0.3 μm thick. The thickness increased 

linearly with time.83 

 

Figure 2.3. Aerosol deposition setup used by Langlet et al.78 The diagram does not show 
the circulating water bath surrounding the entire system to control the temperature. 

 

An ultrasonic nebulization system similar to the one described above was built 

and evaluated for deposition of sol-gel films for TLC. A diagram of the deposition 

system is shown in Figure 2.4. A cylindrical glass container with a 1.5” diameter was 

used to hold the sol and an ultrasonic transducer. The ultrasonic transducer operated at 

366 Hz (Fountain Fogger, Sierra Pacific Crafts). The top of the container was sealed with 
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a rubber stopper with holes drilled through to allow tubing and the ultrasonic transducer 

power cord to pass through. Nitrogen was introduced into the container at 20 psi through 

1/16” tubing. Half-inch tubing was used to transport the aerosol out of the glass container 

into a sealed, flat-bottomed, rectangular container. Microscope slides were placed on the 

bottom of the container for the deposition. 

 

Figure 2.4. Schematic drawing of the setup used for ultrasonic nebulization and 
deposition. 

 

A solution of MTES/MeOH/H2O/CTAB at molar ratios of 1.0 : 25 : 1.2 : 0.2 at 

pH 0.6 was mixed for 10 min and aged for 16 h (Recipe 2-6). The amount of MeOH was 

increased to lower the solution viscosity, and the aging time was increased to allow larger 
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sol particles to form, which could then settle out of the aerosol onto the microscope 

slides. Ultrasonic nebulization was performed for 1 min. After the ultrasonic transducer 

and carrier gas were turned off, the hose that carried the aerosol to the deposition 

chamber was crimped shut and the chamber was disconnected from the rest of the 

deposition system. The deposition chamber remained sealed overnight while the sol-gel 

films dried. After drying, the sol-gels were transparent, glassy and smooth, and no 

solvent could be incorporated into the film.  

The opposite of this situation was discussed by Langlet et al. when they made 

powdery films due to the ethanol in the sol evaporating too fast.78 Therefore, the glassy 

sol-gel films most likely are due to the aerosol being too wet when it reached the 

microscope slides resulting in aerosol droplets coalescing and forming a liquid on the 

surface of the slide. For TLC, a less glasslike film is desirable so the film can incorporate 

and move solvent. This system was limited by the low frequency of the ultrasonic 

transducer resulting in large drop sizes in the aerosol, slow solvent evaporation, and the 

sealed deposition chamber causing the aerosol to coalesce and creating larger droplets. 

Possible improvements to the system included using a higher frequency ultrasonic 

transducer to make a finer aerosol, heating the carrier gas to speed solvent evaporation, 

and venting the deposition chamber to prevent the aerosol droplets from coalescing and 

creating larger droplets. However, because several different methods were evaluated 

concurrently, and the concentric nebulizer had proven to be a good method of deposition, 

the ultrasonic nebulization system was not investigated further. 



85 

  

2.4.2 Airbrush deposition 

Another method of generating an aerosol for sol-gel deposition is through the use 

of an airbrush. Watkins and Ligler used a Badger model 150-7 commercial airbrush to 

deposit patterned sol-gel films.85 A Paasche Model VL airbrush was used for the 

deposition of Recipe 2-6. The airbrush was supplied with N2 at 30 psi. Clean microscope 

slides were positioned vertically against the back wall of a box in a fume hood. The 

opening of the box faced out into the room so that the aerosol was horizontal. 

The sol-gel films made using airbrush deposition were not uniform. The Paasche 

Model VL airbrush is a dual action airbrush where the gas flow is regulated by pushing a 

knob down and the sample flow is regulated by pulling the same knob back. As a result, 

the film thickness varied greatly over the area of the slide due to difficulty operating the 

airbrush in a consistent manner.  

2.4.3 Parallel path nebulizer 

A Burgener Mira Mist nebulizer (Burgener Research Inc., Ontario, Canada) was 

evaluated for aerosol deposition. This nebulizer is constructed of PEEKTM and 

incorporates a parallel path design. As a result, it is rugged, unlikely to clog and can be 

easily cleaned out if needed with minimal risk of breakage. A diagram of the parallel path 

nebulizer is shown in Figure 2.5. Unfortunately, this nebulizer did not give homogenous 

sol-gel films. The films were “splotchy” due to large droplets in the aerosol, which 

seemed to indicate low gas flow. At 60 psi N2, the gas flow rate was only 1.2 L/min 
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through the parallel path nebulizer. For comparison, the homemade concentric nebulizer 

discussed in the next section had a gas flow rate of 1.6 L/min at 20 psi.  

 

Figure 2.5. Diagram of the Bergener Mira Mist parallel path nebulizer. 

 

2.4.4 Concentric nebulizer 

The most suitable films for chromatography were made using a custom concentric 

nebulizer. The nebulizer housing was made of nylon, and the interior was threaded so it 

could be attached to standard capillary tubing fittings. A 26 gauge needle (Unimetrics, 

Shorewood, IL, USA) was cut to the proper length, and the tip was polished.  Figure 2.6 

shows a diagram of the nebulizer. 
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Figure 2.6. Diagram of the homemade nebulizer used for aerosol deposition. The light 
gray color represents the nylon housing and the needle is represented by the black color. 

 

Figure 2.7 shows the setup for aerosol deposition using a concentric nebulizer. 

The nebulizer was connected to a syringe pump (Harvard Apparatus, Holliston, MA, 

USA) that was used to control the flow rate of the sol to the nebulizer. To prevent 

inhalation of silica particles from the aerosol, the nebulizer was located inside a Plexiglas 

box. Holes were cut into the front of the box and fitted with sleeves to allow the user 

access to the inside of the box while the nebulizer was in use. For maximum 

reproducibility for the creation of sol-gel films, microscope slides were positioned on a 

carrier on top of a dovetail slide, and the movement of the slides was controlled using a 

stepper motor.  
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Figure 2.7. Diagram of the aerosol deposition setup with a concentric nebulizer. 

 

The custom concentric nebulizer proved to be very rugged and suitable for sol-gel 

deposition. Care had to be taken to ensure the sol was fully washed from nebulizer and 

supply lines following deposition to prevent the system from clogging. When the sol did 

clog the nebulizer, it could be easily removed from the needle by reaming the needle with 

a cleaning wire. The stainless steel needle did not react with the sol. For comparison, a 

concentric glass nebulizer likely would react with the sol and could not be cleaned 

without risk of breaking the inner capillary. Future generations of the custom nebulizer 

should use a material more durable than nylon for the housing. Over the course of three 

years, the outer sheath surrounding the needle was etched away by the sol particles. This 

changed the profile of the spray, requiring adjustments in the gas flow rate.  
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2.5 Optimization of sol-gel film quality 

The sol-gel film quality was influenced by the sol flow rate, the gas flow rate, 

slide translation rate, nebulizer height, and humidity. The next several sections describe 

the effects and optimization of these variables. When the system was optimized, the sol-

gel films were white, opaque, and the surface had a grainy texture. Solvent was readily 

incorporated and would migrate up the length of the film to allow chromatography to be 

performed. The films were very stable and could be extensively handled without visible 

damage. 

2.5.1 Sol and gas flow rates 

The flow rates of the sol and nitrogen were very closely tied together for 

obtaining good aerosols. If the gas flow rate was too low or the sol-gel flow rate too high, 

the aerosol would be too wet when it reached the slide. This resulted in poor film quality 

for the sol-gels. In general, these films would have an obvious puddle in the middle 

immediately following the deposition step, and this puddle would have a rippled texture 

when it dried. If the gas rate was too high or the sol-gel flow rate too low, the aerosol was 

very dry when it reached the slide. In this case, the sol-gel did not adhere very well to the 

slide and could be easily brushed off. Experience showed the aerosol displayed good 

characteristics for sol-gel deposition when the gas flow rate was between 1.6–2.9 L/min 

and the sol-gel flow rate was between 75–200 μL/min. 
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2.5.2 Slide translation 

Microscope slides were used as the substrate for the sol-gel. For the deposition 

process, a slide was placed in a carrier that had a 25 × 75 × 1 mm depression cut into it in 

order to hold the slide in place. The carrier was mounted onto a dovetail slide that was 

centered beneath the nebulizer. The dovetail slide was connected to a stepper motor and 

stepper motor controller (Denco Research Inc., Tucson, AZ, USA) so the speed and 

distance of the carrier movement could be controlled. Before deposition began, the 

leading edge of the slide was positioned 1 cm away from the edge of the aerosol. The 

slide then traveled 95 mm so that when deposition was finished, the trailing edge of the 

slide was positioned 1 cm from the edge of the aerosol. By starting and ending the 

deposition at positions outside of the bounds of the slide, the sol-gel film thickness was 

uniform over the length of the slide.  

A maximum slide translation rate of 1 cm/min was determined to be optimal. This 

speed produced sol-gel films approximately 15–30 μm thick. Faster speeds gave thinner 

films, which were not suitable for chromatography because the solvent evaporated off the 

film faster than it migrated up the film. Slower speeds gave poor film quality due to the 

aerosol overloading the slide and not having sufficient time to dry. Thicker films could be 

made by passing the slide through the aerosol multiple times at a rate of 1 cm/min. 
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2.5.3 Nebulizer height 

Adjusting the nebulizer height was another method of controlling the thickness of 

the sol-gel films. A nebulizer height of approximately 20 cm was sufficient to get even 

sol-gel coverage across the width of the slide-based on visual observation of the film and 

the uniformity of the solvent front across the width of the slide. However, at heights 

lower than this, the sol-gel film was visibly thinner at the edges of the slide and solvent 

fronts ran faster through the middle of the film giving a rounded solvent front.  For 

heights lower than 20 cm, the slide was passed under the nebulizer 3 times. Offsetting the 

slide by 6 mm for each pass gave an even thickness profile across the width the slide. 

Figure 2.8 shows the positions on the slide that were centered under the nebulizer.  

 

Figure 2.8. Positions on microscope slide that were centered under nebulizer to examine 
the aerosol profile across the width of slide. 
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The aerosol profile was tested by cutting Machery-Nagel TLC plates down to the 

same size as a microscope slide. A solution of fluorescein was sprayed onto the TLC 

plates using a solution flow rate of 150 μL/min and a gas flow rate of 1.6 L/min. The 

nebulizer was positioned 10 cm above the TLC plates. Three TLC plates were coated to 

evaluate the aerosol profile when 1, 2 or 3 passes under the nebulizer were used. The first 

plate was coated by centering position 2 under the nebulizer and running it under the 

nebulizer for one pass. The second plate was coated by centering position 1 under the 

nebulizer for one pass and then turning the plate around and centering position 3 under 

the nebulizer for one pass. The third plate was coated in the same way as the second 

plate, but a third pass was added with position 2 centered under the nebulizer. In cases 

where multiple passes were used, the plate was rotated 180° so the second or third pass 

went over an area that was already dried.  

The TLC plates were illuminated under 366 nm light and imaged using a 

Photometrics PM512 camera (Tucson, AZ, USA). Figure 2.9 shows the plots of the 

fluorescent intensity across the width of the plate. When one pass down the center of the 

plate was performed, the aerosol was most concentrated in the center of the plate. For two 

passes down both sides of the plate, the center of the plate did not receive as much of the 

aerosol as the edges. Three passes spaced at equal widths across the plate gave an even 

deposition across the plate. 
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Figure 2.9. Fluorescence intensity profile for TLC plates coated with fluorescein using 
staggered passes under the nebulizer. Plot A shows the fluorescent intensity when the 
TLC plate was coated in position 2, plot B is from coating the TLC plate in positions 1 
and 3, and plot C is from coating the TLC plate in positions 1, 2, and 3. 

2.5.4 Humidity 

After significant recipe development had taken place, the role of humidity on the 

sol-gel film quality and chromatography was evaluated when an approaching storm 

caused the relative humidity to rapidly increase while a batch of sol-gel films was being 

deposited. A recipe of MTES/MeOH/H2O/CTAB at molar ratios of 1.0 : 20 : 7 : 0.2 and 

pH 1.5 was prepared and aged 6 h at 60 °C (Recipe 2-7). The sol flow rate was 150 

μL/min, and the nitrogen flow rate was 1.6 L/min at the nebulizer. The nebulizer was 

positioned 16 cm above the microscope slide, and the slide translation rate was 1 cm/min. 



94 

  

After deposition, the sol-gel films were dried overnight at ambient conditions. The films 

were then dried 24 h at 100 °C. The relative humidity (RH) was 33% when deposition 

began, 45% for the 20th sol-gel film and 52% for the 32nd and last film. Figure 2.10 shows 

a scan made using a Hewlett-Packard all-in-one flat bed scanner at a resolution of 1200 

dpi of the first, 20th and last films. The scan shows that the film quality gets coarser as the 

relative humidity increases. In addition, the films deposited above 50% RH had puddles 

in the middle of the slides immediately following deposition caused by the aerosol being 

too wet. This led to large irregularity in the film surface so these films were not used for 

chromatography. 

 

Figure 2.10. Scan at 1200 dpi of sol-gel films deposited at different levels of relative 
humidity. The area within the box on the film deposited at 52% RH shows a large degree 
of inhomogeneity. 
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To test the effect of the humidity on the chromatography, perylene and 

leucomalachite green were separated on sol-gel films deposited at 33 and 45% relative 

humidity. Solutions of 1 mg/mL perylene and leucomalachite green were prepared and 

0.5 μL of each sample was spotted onto the sol-gel films. Three films were used for each 

humidity level. A mobile phase of 2:1 toluene/hexane was used to develop the plates for 

20 minutes in a saturated chamber.  

The Rf values for perylene and leucomalachite green on the films sol-gel films 

deposited at 33 and 45% RH are shown in Table 2.1 and Table 2.2. While there is no 

significant difference in the Rf values, the plate height is much smaller for the films 

deposited at 45% RH. The solvent fronts traveled at different speeds leading to the 

difference in plate heights. All of the samples were developed for 20 min, but the films 

deposited at 33% RH had the solvent front move an average distance of 33 mm, while the 

films deposited at 45% RH had an average solvent front migration of 44 mm. The faster 

flow velocity in the films deposited at 45% RH results in a smaller value for the mass 

transfer portion of the van Deemter equation leading to decreased plate height. 

Table 2.1. Rf and plate heights of perylene and leucomalachite green on sol-gel films 
deposited at 33% relative humidity. 

Rf Plate Height (μm) 
 

Perylene Leucomalachite 
green Perylene Leucomalachite 

green 
Plate 1 0.79 0.67 62 61 
Plate 2 0.80 0.50 41 84 
Plate 3 0.83 0.65 59 105 

Average 0.81 0.61 54 83 
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Table 2.2. Rf and plate height of perylene and leucomalachite green on sol-gel films 
deposited at 45% relative humidity. 

Rf Plate Height (μm) 
 Perylene Leucomalachite 

green Perylene Leucomalachite 
green 

Plate 1 0.83 0.53 40 53 
Plate 2 0.87 0.64 26 43 
Plate 3 0.82 0.64 30 35 

Average 0.84 0.60 32 44 
 

2.6 Conclusion 

Pipet deposition, spin coating, dip coating and aerosol deposition were tested to 

evaluate which method created sol-gel films suitable for TLC and IR analysis. The 

deposition method needed to deposit films reproducibly, and the films needed to carry a 

solvent front through them. Although pipet deposition for making sol-gel films suitable 

for TLC has been reported in the literature, this method was not reproducible. Both spin 

coating and dip coating gave films with glassy surfaces in which solvent could not be 

incorporated, indicating that pores were not formed or that the surface of the film 

annealed during drying and masked the pores. 

Several methods of aerosol deposition were tested. Both the ultrasonic transducer 

and the airbrush gave clear, glassy films that were unsuitable for chromatography 

because solvent could not be incorporated into the film. Sol-gel films made using a 

parallel path nebulizer were inhomogeneous because a sufficiently high gas flow rate 

through the nebulizer could not be achieved.  



97 

  

Sol-gel films suitable for TLC were obtained when a custom concentric nebulizer 

was used for deposition. This deposition system gave easily reproduced sol-gel films. 

Numerous variables influenced the quality of the films including sol flow rate, gas flow 

rate, slide translation speed, nebulizer height and humidity. With the exception of 

humidity, these variables easily could be adjusted to produce homogeneous films. The 

films were white, opaque, and the surface had a grainy texture. Solvent was readily 

incorporated and would migrate up the length of the film to allow chromatography to be 

performed. The films were very stable and could be extensively handled without visible 

damage. These characteristics and their relation to the sol will be described in more detail 

in subsequent chapters.  
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3 RECIPE DEVELOPMENT FOR SOL-GEL THIN LAYER 
CHROMATOGRAPHY STATIONARY PHASE USING 

CETYLTRIMETHYLAMMONIUM BROMIDE (CTAB) AS A 
TEMPLATING AGENT 

The work described in Chapter 2 demonstrated that aerosol deposition using a 

custom-made concentric nebulizer resulted in porous sol-gel films that were of uniform 

thickness across the length and width of the substrate. Although sol-gel solutions were 

used in Chapter 2 to evaluate deposition systems, these solutions were not optimized for 

chromatographic performance. This chapter focuses on the development of a sol-gel 

recipe that was compatible with the aerosol deposition system, resulted in sol-gel films 

that were homogeneous and chemically and mechanically stable to promote good 

chromatographic separations, and could be easily reproduced. 

Several parameters were examined for the precursor solution and the processing 

conditions in order to create a film with the desired properties. The ratio of MeOH to 

MTES was studied to establish the best solution viscosity for deposition. After 

deposition, different drying temperatures were evaluated to find a temperature that was 

hot enough to cure the sol-gel film while maintaining the separation ability of the film. 

Please refer to Appendix A for a key to recipe names, ingredients, and processing 

details. 

3.1 Sol-gel deposition conditions 

Aerosol deposition conditions were similar throughout the course of experiments 

performed in this work. Deposition was performed using the experimental configuration 
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described in Section 2.4.4. The sol-gel solutions were aged overnight at 60 °C prior to 

deposition. The sol flow rate was 150 μL/min, and the nitrogen flow rate was measured at 

1.6–2.4 L/min at the nebulizer. The nebulizer was positioned 10–20 cm above the 

microscope slide, and the slide translation rate was 1 cm/min. Deposition was carried out 

at ambient humidity. Humidity levels ranged from 10–40% relative humidity. Prior to 

deposition, a dye solution was deposited onto paper to verify the conditions were 

optimized. After deposition, the sol-gel films were dried overnight at ambient conditions. 

3.2 Film characterization methods 

The following film characterization methods were used throughout the course of 

this work unless noted otherwise. 

3.2.1 DRIFTS analysis 

A Nicolet Magna IR 550 Spectrometer Series II infrared spectrometer (Waltham, 

MA, USA) was used with a Harrick Purged Preying Mantis diffuse reflectance 

attachment (Ossining, NY, USA). The sol-gel films and the TLC stationary phase were 

scraped off the microscope slides with a razor blade. They were then mixed with dried 

KBr in a 9:1 KBr/sol-gel ratio. Spectra were acquired at a resolution of 4 cm-1 and 254 

scans. 
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3.2.2 Scanning electron microscope analysis 

Scanning electron microscope (SEM) analysis was performed using a Hitachi S-

4500 field emission SEM with an accelerating voltage of 5 kV. A razor blade was used to 

remove the sol-gel films from the microscope slides, and the samples were mounted on 

SEM stubs. The samples were sputter coated with palladium for 3 minutes using a 

Hummer VI (Analtech Ltd.) to make them conductive. If feasible, images of film cross 

sections were acquired to obtain film thickness. 

3.2.3 Film thickness by interference fringes 

Due to limited SEM time, another method used to obtain film thickness employed 

interference fringes in a transmission spectrum. This was a quick method to obtain the 

film thickness while waiting for available SEM time. A detailed description of the theory 

is described elsewhere.86, 87  For a simplified explanation of interference fringes, as 

relevant to this experiment, consider two microscope slides parallel to each other and 

perpendicular to a source light beam and a detector, as shown in Figure 3.1. The glass has 

a refractive index of 1.5 and the air gap has a refractive index of 1.0. Due to the change in 

refractive index at the glass/air interface, some of the light gets reflected off each surface. 

The light that is reflected within the air gap allows the calculation of the width of the gap, 

D.  
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Figure 3.1. A simple diagram of reflection. 

 

The reflected beam travels a longer distance than the unreflected beam, and 

constructive and destructive interference occur giving rise to a spectrum that shows a 

pattern of interference fringes. These fringes can yield the film thickness by using the 

following equations: 

cycN
21

~~~ υυυ −
=Δ  Equation 3.1

and 

υ~2
1
Δ

=
n

D  Equation 3.2

where D represents the film thickness, n is the refractive index of the film, υ~Δ is the 

average wavenumber between fringes and Ncyc is the number of interference fringes in the 

region 21
~~ υυ − . 

Because the sol-gel film would scatter light and its refractive index was not 

known, a modified experimental setup was used where a razor blade was used to scrape 
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the film off the middle of the slide. Another microscope slide was placed over the slide 

with the film, and these were held together using binder clips on each end. To test the 

accuracy of this method, low density polyethylene (LDPE) films of different, known 

thicknesses were analyzed.  

The LDPE was obtained from Whitmark Packaging Inc. (Tucson, AZ, USA) at 

thicknesses of 0.75, 1.00, 1.25, 1.50, 2.00 and 3.00 mil. Each film was cut down into 

pieces the size of a microscope slide (25 × 75 mm). Two methods were used for 

measuring the thickness of the LDPE films using interference fringes. In the first method, 

designed to replicate the method used to measure the sol-gel film thickness, a 1.5 × 1.5 

cm section was cut out of the middle of the film, and the film was sandwiched between 

two microscope slides. In the second method, no hole was cut in the film prior to it being 

placed between the microscope slides.  

These were mounted on a sample holder with a 1 cm diameter hole, and spectra 

were acquired on a Cary 5E UV-Vis-NIR spectrophotometer from 400–3000 nm at a 

resolution of 4 nm and a scanning speed of 1000 nm/min. For the films that had the 

center cut out, the refractive index of air, 1.0, was used for the thickness calculation given 

in Equation 3.2, while the refractive index of LDPE, 1.51,88 was used for the films that 

did not have the center cut out. An example of the observed interference fringes is shown 

in Figure 3.2.  Results are shown in Table 3.1. 
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Figure 3.2. Example of interference fringes observed for a 50.8 μm thick polyethylene 
film. The measurement was obtained using the method described where a section was cut 
out of the film.  
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Table 3.1. Comparison of methods used to calculate film thickness by interference 
fringes. 

Actual thickness Measured thickness with 
hole cut out of center 

Measured thickness with no 
hole cut out of center 

mil μm μm % error μm % error 
0.75 19.1 43.1 55.6 18.8 -1.6 
1.00 25.4 48.4 90.6 23.4 -7.9 
1.25 31.8 51.1 60.7 28.4 -10.7 
1.50 38.1 82.8 117 36.9 -3.1 
2.00 50.8 63.5 25.0 48.2 -5.1 
3.00 76.2 101 32.5 74.3 -2.5 

 

The large error seen for the film thicknesses measured by cutting a hole in the 

center of the film may have been caused by the act of cutting. The cutting pressure may 

have created a crease that caused the cover slide to sit above the surface of the film. The 

above results show that it was more accurate to calculate the film thickness by not cutting 

the center out of the film. However, this was not practical for the sol-gel films due to the 

high scattering caused by the film porosity. Althought not as accurate as SEM imaging, 

this was a rapid method to measure approximate film thickness. 

For the analysis of sol-gel films, a razor blade was used to remove the sol-gel film 

from the middle of the microscope slide. The film was removed from the entire width of 

the slide and from a length of approximately 1.5 cm centered on the slide. A clean 

microscope slide was placed over the sol-gel film and binder clips were used to hold the 

two microscope slides together. This arrangement was placed in the spectrophotometer 

on a sample holder with a 1 cm diameter hole, and spectra were acquired between 1000–

2500 nm at a resolution of 4 nm and a scanning speed of 1000 nm/min.  
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3.2.4 Surface area 

Surface area measurements were performed by Quantachrome Instruments 

(Boynton Beach, FL, USA). A single point BET was performed using krypton gas at an 

outgas temperature of 100 °C. 

3.2.5 Porosity 

Pore diameter measurements were performed by Quantachrome Instruments 

(Boynton Beach, FL, USA) using mercury porosimetry. 

3.2.6 Imaging fluorescent compounds on sol-gel films 

After chromatographic development of fluorescing compounds, the sol-gel films 

and/or TLC plates were illuminated from below at 360 nm with an ultraviolet lamp. A 

scientifically-operated (cooled, slow-scan) CCD camera (Photometrics, Ltd., Tucson, AZ, 

USA) was used to image and measure the intensity of the fluorescent samples. The 

camera consisted of a CC200 camera controller, CE200 camera electronics unit, and a 

PM512 CCD camera. The CCD had a 516 × 516 detector element format with 20 mm 

square pixels. LabVIEW software (National Instruments, Austin, TX, USA) was used for 

data processing. 
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3.3 Preliminary recipe development 

3.3.1 Development of low water, CTAB templated recipe 

Further recipe development was done using CTAB as the template molecule. The 

same recipe as used by Lev et al. was used, but BCP was replaced with CTAB. 62, 63 A 

recipe of MTES/MeOH/H2O/CTAB at molar ratios of 1 : 15 : 1 : 0.1 and pH 0.5 (Recipe 

3-1) was mixed for 1 h prior to deposition. The MTES/MeOH molar ratio of 1:15 

corresponded to 25% by volume of MTES in MeOH, which gave the sol-gel solution a 

viscosity similar to MeOH and allowed a fine dispersion of the solution by the nebulizer. 

The films were mechanically stable and crack-free. 

These sol-gel films were used to demonstrate the separation of rhodamine B and 

fluoranthene using 100% n-propanol as the mobile phase. The samples were applied as 

separate spots to aid in identification. Figure 3.3 shows good reproducibility of the 

separation on two different sol-gel films from the same batch. The mobile phase was very 

slow, taking about 1.5 h to migrate approximately 2.5 cm after which no further solvent 

migration occurred.  
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Figure 3.3. Reproducibility of a separation performed on two different sol-gel films from 
the same batch. 

 

It was hypothesized that the slow solvent migration indicated limited pore 

connectivity. To increase the velocity of the mobile phase, the amount of CTAB was 

doubled which decreased the Si/CTAB ratio from 10:1 to 5:1. A recipe of 

MTES/MeOH/H2O/CTAB at molar ratios of 1 : 15 : 1 : 0.2 and pH 0.5 (Recipe 3-2) was 

mixed for 1 hr prior to deposition. The same deposition, drying and washing procedure as 

for Recipe 3-1 was used with this recipe. During deposition, CTAB collected on the tip of 

the nebulizer as the MeOH evaporated causing irreproducible nebulization conditions. 

After building up on the nebulizer tip, the dried CTAB fell onto the surface of the sol-gel 

film which disturbed the homogeneity of the film. As a result, only a few of the prepared 

sol-gel films had surfaces that were suitable for chromatography.  
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A test separation of rhodamine B and fluoranthene using 100% n-propanol as the 

mobile phase showed improvement in the separation ability of the films. The solvent was 

able to reach the top of the plate (7.5 cm) in approximately 1 h, as shown in Figure 3.4. 

The increased amount of CTAB in Recipe 3-2 did increase the solvent migration velocity. 

 

 

Figure 3.4.  The increased CTAB concentration allowed the solvent front to migrate to 
the top of the plate providing a better separation of fluoranthene and rhodamine B. 

 

 To find a balance between the fast solvent front seen when the Si/CTAB ratio was 

5:1 and the reproducibility seen when the Si/CTAB ratio was 10:1, a recipe with a 

Si/CTAB ratio of 7.5:1 was deposited. A recipe of MTES/MeOH/H2O/CTAB at molar 

ratios of 1 : 15 : 1.1 : 0.13 and pH 0.5 (Recipe 3-3) was mixed for 1 h and aged for 24 h 

prior to deposition. The aging time was increased to ensure sol formation. At this point, 

the dovetail slide to transport the microscope slides had been added to the deposition 
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system, so the microscope slides were continually moved at 1 cm/min. All other 

deposition, drying and washing procedures were the same as in the previous 3 recipes. 

With this recipe, CTAB did not collect on the nebulizer tip, allowing the production of a 

reproducible film surface. The resulting films were mechanically stable and crack-free. 

However, the solvent migration was uneven across the width of the slide and the solvent 

migration was very slow, indicating the CTAB concentration was too low to form a 

highly connected porous network.  

 The observations regarding solvent migration and the behavior of CTAB during 

the deposition indicated that a recipe containing a Si/CTAB ratio of 5:1 was necessary for 

rapid solvent migration and the amount of MeOH needed to be increased to prevent 

CTAB from collecting on the tip of the nebulizer during deposition. A recipe of 

MTES/MeOH/H2O/CTAB at molar ratios of 1 : 25 : 1.2 : 0.2 and pH 0.7 (Recipe 3-4) 

was mixed for 1 h and aged for 24 h prior to deposition. The nebulizer height was raised 

to 12.5 cm to give a more even film thickness across the width of the slide. The sol-gel 

solution was supplied at a rate of 150 μL/min and the nitrogen was flow rate was 1.6 

L/min. The sol-gel films were dried overnight in ambient conditions. The films were 

crack-free, but the surface was rough and small “prills” of xerogel scattered over the 

surface. The “prills” were of varying size but all appeared to be less than 0.5 mm in 

diameter.  

Unfortunately, when the slides were washed in MeOH, the sol-gel films washed 

off the microscope slides. It was hypothesized that this was because the sol-gel film had 

not dried completely due to the higher concentration of MeOH in Recipe 3-4. A further 
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drying step was added to the procedure, in which the films were dried overnight at 

ambient conditions, followed by additional drying in an oven prior to washing them. 

Initially, the sol-gels were dried for 6 h at 250 °C. At this temperature, the film turned 

brown due to the decomposition of CTAB; however, this temperature was not hot enough 

to remove the CTAB from the film. The decomposed CTAB could not be washed out of 

the film. The temperature was increased to 350 °C for 6 h in an attempt to bake the 

CTAB out of the films. Under these conditions, the CTAB was removed from the film, 

but no separations could be achieved on these films. The lack of separation is likely due 

to the thermal oxidation of the hydroxyl species from the film. Further details of the 

thermal oxidation will be discussed in Section 7.1.2. A lower drying temperature of 100 

°C for 24 h proved to be suitable for drying the sol-gel films without degrading the film 

or the CTAB. The CTAB was then washed out of the films using MeOH, and the film 

remained on the slide.  

Once a successful drying procedure was determined, separations were attempted 

using the films. The separations were all of poor quality due to the slow migration 

velocity of the solvent front. While the solvent did travel the length of the film, it was 

slow, taking 1 h to reach the top of the film. In addition, on some of the films, the solvent 

front tended to go faster on one side. The result, as shown in Figure 3.5, was an uneven 

solvent front, which caused the analytes on the plate to migrate to the edge of the plate. 

Figure 3.5 also shows the irreproducibility of a separation on two different sol-gel films 

from the same batch, A and B.  
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Figure 3.5. Separation of fluoranthene and benzo[ghi]perylene using 100% ACN on a 
sol-gel film prepared using Recipe 3-4. In film A, the solvent front did not travel evenly 
resulting in the analytes migrating to the edge of the plate. 

 

3.3.2 Film characterization 

3.3.2.1 Film structure 

 The structure of sol-gel films made with a 5:1 Si/CTAB ratio and either a 15:1 

(Recipe 3-2) or 25:1 (Recipe 3-4) ratio of MeOH/Si was compared using scanning 

electron microscopy (SEM). SEM images of films prepared using Recipe 3-2 and Recipe 

3-4 are shown in Figure 3.6 and Figure 3.7, respectively. The SEM images show that the 

films prepared from Recipe 3-2 and Recipe 3-4 have similar structures composed of 



112 

  

jagged, irregular particles. A higher magnification of the sample containing 25:1 

MeOH/MTES (Recipe 3-4) shows minimal porosity in the sol-gel structure.  

 

 

Figure 3.6. SEM of sol-gel films made using Recipe 3-2.  
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Figure 3.7. SEM of sol-gel films made using Recipe 3-4. 
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It was expected that the CTAB would form ordered, self-assembled structures that 

would act as templates to create a continuous network of interconnected pores in the sol-

gel film. The SEM images show that rather than a continuous network of interconnected 

pores, the films appear to be composed of irregularly shaped sol-gel particles stacked on 

top of each other. The large size and jagged edges of the sol-gel particles indicate that the 

sol-gel was not templated as intended. The most plausible explanation of the film 

structure is that the CTAB crystallized during the aerosolization process and these 

crystals acted as the templating agents.  

3.3.2.2 Film thickness 

Film thickness was measured using both SEM and the interference fringe 

technique described in Section 3.2.3. Figure 3.8 shows SEM images of a cross section of 

a film made using Recipe 3-2. In each image, the striated area is the microscope slide and 

the sol-gel film is the irregular area beneath the slide. The image at low magnification 

shows that the thickness of the sol-gel is uniform over a large distance.-based on the cross 

section images, the film appears to be approximately 15 μm thick. 
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Figure 3.8. SEM image of a cross section of a sol-gel film made using Recipe 3-2. 

 

Measurements of film thickness were also acquired using interference fringes. 

Sol-gel films from Recipe 3-2 were analyzed. The thickness of three films was measured, 

and the average film thickness was 30.8 μm with a standard deviation of 2.7 μm. 

Experimental error may have been caused by ridges at the edges of the area where the 

sol-gel was removed, similar to what occurred with the polyethylene film. In addition, the 

surface of the sol-gel films prepared using Recipe 3-2 was not uniform, and had small 

“prills” of the xerogel dispersed over the surface, which would have prevented the cover 

slide from resting flush with the sol-gel film.  

3.3.2.3 Porosity and surface area 

Figure 3.9 shows the relative pore volume frequency. Pore diameter statistics are 

given in Table 3.2. The mean pore size is slightly less than 1 μm in diameter. The 
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majority of the pore volume rests in pores that are greater than 0.5 μm in diameter. There 

are no pores seen with diameters smaller than 0.1 μm. The pore volume frequency plot 

shows a large distribution of pore sizes. The large distributon leads to local variations in 

the solvent velocity which will cause band spreading and reduced chromatographic 

efficiency. 

 

 

Figure 3.9. Pore volume frequency for the sol-gel film made using Recipe 3-4. 
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Table 3.2.  Pore diameter statistics for the sol-gel film made using Recipe 3-4. 

 Diameter (μm)
Mean 0.9964 
Mode 0.7377 

Median 1.379 
 

The surface area for the film made using Recipe 3-4 is 3 m2/g. This is much lower 

than that of silica 60, a commonly used sorbent for TLC, which has a surface area of 480 

m2/g.11 The low surface area is consistent with a macroporous film that lacks mesoporous 

structure. This low surface area makes it very easy to overload the plate leading to tailing 

and fronting when chromatography is performed. Consequently, it is very difficult to 

perform TLC separations. 

3.4 Conclusion 

A recipe for creating a porous sol-gel film was developed for use with aerosol 

deposition. A solution of MTES/MeOH/H2O/CTAB at molar ratios of 1 : 25 : 1.2 : 0.2 

and pH 0.7 (Recipe 3-4) had a low viscosity that provided good aerosolization. The 

resulting films could be reproducibly made and were mechanically stable and crack-free. 

Solvent could be incorporated into these films, and chromatographic experiments showed 

methanol could travel the full length of the film. SEM analysis of the films shows they 

are made of sol-gel particles that are jagged and irregularly shaped indicating that the sol-

gel likely was templated by CTAB crystals. The films are approximately 15–30 μm thick. 

The films are macroporous with an average pore diameter of approximately 1 μm. The 

lack of mesoporous structure leads to a low surface area of approximately 3 m2/g. 
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Although these sol-gel films successfully demonstrated a chromatographic 

separation, the films were not well suited for chromatography. The sol-gel films were 

very rough with “prills” of xerogel on the surface. The solvent front was slow, taking 1 

hour to travel the length of the film, and was difficult to control, tending to go faster on 

one side leading to an uneven solvent front. Because of this, samples did not travel in a 

straight line up the plate and would often run into the edge of the plate. Chapter 4 will 

discuss refinement of the recipe to create a sol-gel film with better chromatographic 

performance. 
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4 REFINEMENT OF A RECIPE FOR AEROSOL DEPOSITION OF SOL-GEL 
FILMS (PART 1) 

Work in the previous chapter showed that a high concentration of MeOH was 

required to keep the sample viscosity low enough for aerosolization and to keep the 

CTAB dissolved. This chapter explores the role of the CTAB concentration, water ratio, 

drying conditions, and solution pH on the physical characteristics of the sol-gel film and 

its relation to the chromatographic properties of the film.  

The process outlined in Figure 4.1 was used to evaluate the suitability of recipes 

for creating sol-gel films suitable for TLC. The initial recipes studied varied the 

concentrations of CTAB and water in the precursor solution. The films were evaluated to 

choose the concentration of CTAB and water that gave the best film, and the process was 

repeated studying the drying conditions. Again, the recipe that gave the best film was 

chosen and then the effect of pH was evaluated.  
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Figure 4.1. Process for evaluating recipes and refining sol-gel films for TLC. 

 

After a recipe was developed that produced sol-gel films with the desired 

characteristics, the film properties were analyzed. Thin layer chromatography was 

performed using the sol-gel film. Interactions of the mobile phases with the sol-gel films 

indicated that the films were highly hydrophobic so the contact angle of a sessile drop 

was measured to determine the degree of hydrophobicity. Film thickness, porosity, and 

surface area were also measured.  

Please refer to Appendix A for a key to recipe names, ingredients, and processing 

details. 



121 

  

4.1 Recipe development 

4.1.1 Study of CTAB and water ratios 

The first properties studied were the water ratio (Rw ≡ H2O:MTES molar ratio) 

and the CTAB concentration. In order to obtain a continuous sol-gel network, the aerosol 

needed to be wet when it reached the slide so the droplets could coalesce. If the droplets 

were too dry, they would form solid particles resuting in a particulate stationary phase. It 

was hypothesized from the SEM images in Chapter 3 that the sol-gel films templated 

around CTAB crystals indicating that evaporation of the sol occurred during the aerosol 

deposition creating a packed bed structure. The amount of water in the precursor solution 

was studied to find a recipe that did not become too dry during deposition, and this 

resulted in a film with an interconnected porous network rather than a packed bed. The 

CTAB concentration in the precursor solution was adjusted to study the effect of CTAB 

on the film structure in the wetter deposition conditions. 

 The Rw was varied between 0.5 and 10 and the Si:CTAB ratio ranged from 5–20. 

A recipe of MTES/MeOH/H2O/CTAB at ratios of 1 : 20 : x : y and pH 1.0 was used. 

Concentrated hydrochloric acid was used to adjust the pH, and the water content in the 

concentrated acid was included in the water ratio. For recipes where Rw  =  0.5, the water 

in the recipe is supplied entirely by the hydrochloric acid. Table 4.1 shows the 

combinations of the water ratio and CTAB concentration that were used. After the 

samples were prepared, they were aged for 20 h at 60 °C. Work in the previous chapter 

had sol-gel aged at room temperature. The aging temperature was increased from room 
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temperature to 60 °C-based on references in which condensation occurred at elevated 

temperatures prior to the formation of monolithic sol-gels. The higher temperature 

increases the rate of the hydrolysis and condensation reactions, and there is more physical 

structure present prior to deposition. 68, 70, 89-91  

Table 4.1. Recipe combinations used to study the effects of Rw and [CTAB]. 

Water ratio (H2O:Si) Si:CTAB 0.5 4.0 7.0 10.0 
5:1 4-1 4-2 4-3 4-4 
10:1 4-5 4-6 4-7 4-8 
20:1 4-9 4-10 4-11 4-12 

 

Samples prepared at Rw  =  0.5 (Recipes 4-1, 4-5, and 4-9) were clear after aging 

overnight, while the remaining samples were turbid due to the formation of sol. The lack 

of sol in the samples prepared at Rw  =  0.5 is likely because the Rw is lower than the 

stoichiometric equivalent needed for a complete reaction. This indicates that the Rw needs 

to be greater than 0.5 in the precursor solutions to drive the sol-gel process in order to 

make films.  

After all the samples were deposited and dried overnight at ambient temperatures, 

half of the sol-gel films prepared with each recipe were dried for 24 h at 100 °C while the 

other half were dried at 350 °C. The films were then washed 3 times in MeOH. Samples 

prepared at Rw  =  0.5 (Recipes 4-1, 4-5, and 4-9) had a significant amount of the films 

come off the slides when they washed, so they were not suitable for chromatography. All 

other films were mechanically stable after washing. 
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After the sol-gel films had been washed, the migration of MeOH through the 

mechanically stable films was evaluated. The sol-gel films were placed in a saturated 

TLC chamber containing 10 mL of MeOH. The solvent was allowed to migrate for an 

hour, and then the distance the solvent had traveled was measured. The solvent migration 

distance is shown in Table 4.2.   

Table 4.2. Distance of MeOH migration over 1 hour in saturated chamber for sol-gel 
films dried at 100 and 350 °C.  

 Migration Distance (mm)
Sample 100 °C 350 °C 

4-2 61 53 
4-3 55 47 
4-4 51 38 
4-6 32 24 
4-7 31 25 
4-8 30 26 
4-10 18 17 
4-11 21 22 
4-12 22 25 

 

Samples with a Si:CTAB ratio of 5:1 (Recipes 4-2, 4-3, and 4-4) had the fastest 

solvent migration, followed by samples  with a Si:CTAB ratio of 10:1 (Recipes 4-6, 4-7, 

and 4-8). Very little solvent migration occurred for samples with a Si:CTAB ratio of 20:1 

(Recipes 4-10, 4-11, and 4-12).  These results show that a higher concentration of CTAB 

gives faster solvent migration. At ratios of 5:1 and 10:1 Si/CTAB, the films dried at 100 

°C had faster solvent migration than films dried at 350 °C. For films with a 20:1 

Si/CTAB ratio, there was barely any solvent migration, regardless of drying temperature. 

In addition, for the films prepared at 5:1 and 10:1 Si/CTAB ratios, there appears to be a 
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slight correlation of solvent migration speed to Rw, with the solvent migration increasing 

at lower Rw values.  

The structure of the films was observed using SEM. Not all of the films were 

analyzed, rather samples were chosen from recipes prepared at a 5:1 Si:CTAB ratio and 

recipes prepared at Rw  =  7. This sample selection, which can be represented a horizontal 

and a vertical line on the sample recipe matrix (Table 4.1), was chosen to provide an 

overview on the effect of each variable on the structure. Figure 4.2a shows the SEM 

images of sol-gel films prepared at a 5:1 Si:CTAB ratio and Rw values of 4, 7, and 10. 

The SEM images in Figure 4.2b are of films prepared at Rw = 7 and Si:CTAB ratios of 

5:1, 10:1, and 20:1.   

Although all of the sol-gel films are porous, none of them has a regular porous 

structure. There appears to be a wide pore size distribution with pore diameters in the 

range of microns to submicrons. Some of the areas in the films also appear to have planar 

structures. These planar structures could be explained by the sol-gel templating around 

CTAB in a lamellar phase. Doshi et al. have reported the existence of a lamellar phase in 

a three phase Si/water:ethanol:CTAB system.92 It is possible that lamellar structures 

occurred in this system due to uncontrolled evaporation of the solvents during deposition. 
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Figure 4.2. SEM of sol-gel films prepared from the recipe matrix. The films in the top 
row were prepared using a Si:CTAB ratio of 5:1 and differing values of Rw. The films in 
the middle column were prepared using an Rw of 7.0 and had differing concentration of 
CTAB. 

 

Figure 4.3 shows two films prepared with Rw = 7 and Si:CTAB ratio of 10:1 but 

dried at either 100 °C (Recipe 4-7a) or 350 °C (Recipe 4-7b). The structures of the two 

films appear to be different, but it is unclear whether the differences are due to sample 

preparation or heat modification of the film. Because the films were removed from the 
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substrate, the areas of the films seen in SEM images may be at different angles and may 

have been mechanically altered during removal from the substrate. However, sintering 

can occur at temperatures as low as 250 °C, so the film dried at 350 °C may have sintered 

resulting in a modified sol-gel network.44 

 

 

Figure 4.3. Comparison of the sol-gel structure in samples dried at 100 and 350 °C. 

 

4.1.2 Drying conditions of the sol-gel films 

The imaging detection system dictated that separations were performed using 

fluorescent compounds. It was observed that the fluorescent intensities of some 

compounds on the sol-gel films were different than the intensities that were observed 

when the compounds were on standard TLC plates. The quantum yield of fluorophores is 

environmentally sensitive, and the intensity differences between fluorophores on sol-gel 
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films and on TLC plates indicate a difference in the chemistry of the sol-gel films and the 

TLC plates.  The fluorescent quantum yield of fluorophores in sol-gel films was used to 

study the drying chemistry of the films.   

A recipe of MTES/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0.1 and pH 1.0 

(Recipe 4-7) was used for the drying study. After the sol-gel films were dried overnight at 

ambient conditions, the batch was divided and the films further dried using 1 of 3 

different techniques: 24 h at 100 °C (Recipe 4-7a), 24 h at 350 °C (Recipe 4-7b) or 24 h 

in a NH4OH vapor bath (Recipe 4-13). The vapor bath promoted condensation of 

unreacted silanols.93 Following drying, the films were washed 3 times in MeOH. 

Samples of rhodamine B, 9-fluorenone, and fluorescein were prepared at 1.0 

mg/mL. A 0.5 μL capillary was used to deposit the fluorescent compounds on the films 

and on a Machery-Nagel Nano-Sil TLC plate. Table 4.3 compares the fluorescence 

intensity of the samples on the sol-gel films and TLC plate.  

Table 4.3. Fluorescent intensity of different compounds on sol-gel films dried using 
different techniques. 

Drying technique Fluorescein Fluorenone Rhodamine B
100 °C 4948 1063606 472636
350 °C 1093 25668 0

NH4OH vapor bath 0 671374 875786
Machery Nagel TLC plate 3460849 1883 2221846
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Figure 4.4. Structure of compounds studied for fluorescent properties on sol-gel films. 

 

Figure 4.4 shows the structures of the compounds spotted on the films. The 

fluorescence intensity is significantly lower for all compounds on the sol-gel film dried at 

350 °C. Fluorescein and rhodamine B show minimal to no fluorescence on the sol-gel 

films but very intense fluorescence on the TLC plate. The opposite scenario is seen with 

9-fluorenone where no fluorescence is seen on the TLC plate but is seen on the sol-gel 

films. The condition under which each of these compounds fluoresces reveals some 

information about the chemical nature of the sol-gel films.  

Fluorescein is a pH sensitive fluorophore with a pKa of 6.4. When the pH is >6.4, 

fluorescein fluoresces, but at pH <6.4, there is very little fluorescence.94 This indicates 

that the pH of the sol-gel film is <6.4, while the TLC plate has a pH >6.4. 

Rhodamine B and 9-fluorenone are sensitive to hydrophobic environments. In the 

case of rhodamine B, hydrophobic environments cause fluorescence quenching.95 In 

contrast, 9-fluorenone exhibits the greatest fluorescence in non-polar solvent, with less 

fluorescence in polar solvents, and the least amount of fluorescence in protic polar 

solvents.96 Rhodamine B fluoresces on TLC plates but does not fluoresce on the sol-gel 
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films. In contrast, 9-fluorenone does not fluoresce on TLC plates but does fluoresce on 

the sol-gel films. The fluorescence data suggest that the sol-gel films are a much more 

hydrophobic environment than the TLC plates. 

DRIFTS was performed on the sol-gel films, the stationary phase from a 

Macharey-Nagel normal phase TLC plate, and the stationary phase from a Whatman 

KC18 reverse phase TLC plate. Although the fluorescence study was not performed 

using the reverse phase plate, visual observations showed that the fluorescent compounds 

behaved similarly on the reverse phase as they did on the normal phase, and DRIFTS 

spectra were taken for comparison. Figure 4.5 shows the resulting spectra. Both the 

normal and reverse phase stationary phases have very broad bands in the –OH region 

(3000–3750 cm-1) indicating significant amounts of hydrogen bonding. In contrast, the 

sol-gel film dried at 350 °C (Recipe 4-7b) has sharper bands in the –OH region indicating 

less hydrogen bonding in the sol-gel film. The film dried at 100 °C (Recipe 4-7a) and the 

film treated in the NH4OH vapor bath both show the presence of hydrogen bonding. The 

film dried at 100 °C most closely resembles the TLC stationary phases. 
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Figure 4.5. DRIFTS spectra of sol-gel films dried in different environments. 
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4.1.2.1 pH of the sol 

Modifications to Recipe 4-7 were used to study the effect of pH on the sol-gel 

films. A series of six different sol-gel solutions consisting of MTES/MeOH/H2O/CTAB 

at ratios of 1 : 20 : 7 : 0.1 was prepared. Each solution was prepared at a different pH: 0.5 

(Recipe 4-14), 1.0 (Recipe 4-7a), 1.5 (Recipe 4-15), 2.0 (Recipe 4-16), 2.5 (Recipe 4-17), 

and 3.0 (Recipe 4-18). After aging and deposition, the films were dried at 100 °C for 24 h 

and then washed 3 times in MeOH. 

 

Figure 4.6. Appearance of sol-gel films prepared at different pH. 

 

After washing, there were distinct differences in the films made from sols at 

different pH. Figure 4.6 shows appearances of the films prepared at different pH. The 

film made from the sol at pH 0.5 was very thin and inhomogeneous. The films made from 
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the sols at pH 2.5 and 3.0 cracked and peeled away from the microscope slide when they 

were washed. Sol-gel films made from sols at pH values between 1.0 and 2.0 were 

homogeneous and very strong. This is in agreement with the graph in Figure 4.7 that 

shows sol-gel gelation is highest and dissociation is lowest at pH 2. 

 

 

Figure 4.7. Sol-gel dissolution and gelation as a function of pH.93 

 
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was 

performed on the sol-gel films and Figure 4.8 shows the resulting spectra. The sol-gel 

films prepared at pH = 1.5 and 2.5 show more hydrogen bonding than the film prepared 

at pH = 2.0. This indicates more hydroxyl groups are present and that hydrolysis and 

condensation were less complete at pH = 1.5 and 2.5. 

The DRIFTS spectra of both normal and reverse phase TLC plates, shown in 

Figure 4.5, indicate significant amounts of hydrogen bonding in the stationary phase. 
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Recall from Equation 1.9 that the solvent velocity in TLC is proportional to the ability of 

the solvent to wet the sorbent. It is the hydroxyl groups in both the normal and reverse 

phase TLC stationary phases that allow the solvent to wet the stationary phase. In the sol-

gel process, a more complete reaction results in fewer hydroxyl groups because they react 

to form siloxane bonds. In contrast, a lesser reacted sol-gel will have more hydroxyl 

groups, but the xerogel will be weaker because there are fewer bridging siloxane bonds. 

For a sol-gel film to be used for TLC, a balance must be found where there are enough 

remaining hydroxyl groups to allow the film to be wetted, but enough siloxane bonds to 

form a mechanically stable film. 
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Figure 4.8. DRIFTS spectra of sol-gel films prepared at different pH. 
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4.1.2.2 Recipe conclusions  

The above experiments show that the sol-gel films most suitable for TLC were 

made from a sol-gel solution of MTES/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0.2 and 

pH 1.5. The solution was aged for 20 h at 60 °C prior to deposition. After deposition, the 

sol-gel films were dried at room temperature overnight followed by drying at 100 °C for 

24 h (Recipe 4-19). The resulting sol-gel films had an interconnected pore structure, 

adhered to the glass substrate, were not easily damaged, and could be washed and reused 

multiple times for chromatography. Further work presented in this chapter was performed 

using sol-gel films made using the procedure for Recipe 4-19. 

4.2 Sol-gel film characterization 

4.2.1 Thin layer chromatography 

Thin layer chromatography was performed on sol-gel films prepared using Recipe 

4-19. Figure 4.9a shows the separation of quinacrine⋅2HCl, perylene, and leucomalachite 

green using 2:1 toluene/hexane as the mobile phase. Figure 4.9b shows the separation of 

quinacrine⋅2HCl, perylene, and rhodamine B using 2:1 toluene/hexane as the mobile 

phase. In both cases, all three components are baseline resolved. Reverse phase 

separations typically use a mobile phase consisting of water and an organic solvent such 

as methanol or acetonitrile. The sol-gel films were incompatible with water-containing 
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mobile phases. A mixed water/organic mobile phase would not migrate up the sol-gel 

film, even at concentrations as low as 5% water.   

 

 

Figure 4.9. a) Separation of quinacrine⋅2HCl, perylene, and leucomalachite green using 
2:1 toluene/hexane as the mobile phase. b) Separation of quinacrine⋅2HCl, perylene, and 
rhodamine B using 2:1 toluene/hexane as the mobile phase 

 

4.2.2 Contact angle 

The inability to use aqueous mobile phases and the fluorescence data presented in 

Section 4.1.2 indicated the sol-gel films were highly hydrophobic. To determine the 

degree of hydrophobicity of the films, the contact angle of water on sol-gel films made 

from Recipe 4-19 was measured using a sessile drop. The setup is shown in Figure 4.10. 
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The sol-gel film was placed on an XYZ translation stage using double sided tape. A 

Nikon 10x microscope objective was mounted on a Y translation stage and used to 

magnify the droplet. An Olympus C-3020, 3 megapixel camera was used to record the 

drop image. The camera was focused to infinity at an aperture setting of F8, and a 1 

second exposure was acquired immediately after placing a 1 μL drop of Milli-Q water on 

the film.  

 

 

Figure 4.10. Setup used for measuring contact angle. 

 

The contact angle was measured on four separate batches of sol-gel films. Three 

samples were used from each batch, and three drops were analyzed on each sample. 

Clean Teflon™ was used as a standard to confirm the validity of the measurements. The 

samples were run in a random order. The contact angle was measured by drawing lines 

over the baseline and the tangent of the water droplet to the film, and the angle was 

calculated with the “angle measurement” tool in CorelDrawTM version 8. An example is 

shown in Figure 4.11. 
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Figure 4.11. Example of a 1 µL water droplet on a sol-gel film (Recipe 4-19). 

 
TeflonTM has a contact angle of 110°,97 and the standard used here had an average 

contact angle of 108° with a standard deviation of 4°. The agreement between the 

experimental standard and the accepted value shows that this was an acceptable method 

to measure the contact angle of a sessile drop. A total of 72 contact angle measurements 

were made on sessile drops on 12 different sol-gel films from 4 different batches. The 

average contact angle on the sol-gel films was 99° with a standard deviation of 5°. A 

hydrophobic surface has a contact angle greater than 90°.  

The hydrophobic nature of the TLC plates can be explained by the methyl group 

on the MTES precursor. The contact angle measurements and the fact that the plates are 

not wettable indicate that there is a high surface coverage by the methyl group. For 

comparison, commercially available reverse phase TLC plates are available with either 

50 or 100% silanization.57, 98 While mobile phases up to 60% aqueous can be used with 
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the 50% silanized plates, the plates that have been 100% silanized are not wettable with 

aqueous solvents.  

4.2.3 Film thickness 

The film thickness for Recipe 4-19 was measured using interference fringes as 

described in Section 3.3.2.2, except a custom near-infrared (NIR) imaging system was 

used in place of the Cary 5E, which was unavailable at the time. Details regarding the 

instrument can found in Near-Infrared Spectral Imaging as a Detection Technique for 

Organic Materials in Porous Media.99 The thickness of twelve films was determined, and 

the average film thickness was 29.6 μm with a standard deviation of 4.7 μm.  

4.2.4 Porosity and surface area 

Mercury porosimetry was used to determine the pore diameter. Figure 4.12 shows 

the relative pore volume frequency. Results are given in Table 4.4. Similar to sol-gel 

films prepared using Recipe 3-4, most of the pores are approximately 1 μm in diameter 

with no mesopores observed, but the pore size distribution is narrower.  

The resulting surface area for the film made using Recipe 4-19 is 3 m2/g. The low 

surface area is consistent with a macroporous film lacking mesoporous structure. 
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Figure 4.12. Pore volume frequency for a sol-gel film prepared using Recipe 4-19. 

 

Table 4.4. Pore diameter statistics for the sol-gel film made using Recipe 4-19. 

 Diameter (μm)
Mean 0.8348 
Mode 0.6348 

Median 1.064 
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4.3 Refractive index changes 

During the course of working with sol-gel films prepared using Recipe 4-19, it 

was observed that solvents caused an irreversible change in the refractive index of the 

film. The refractive index change was visible to the naked eye when toluene was the 

solvent. Methanol also changed the refractive index, although this was only detectable 

using the near-infrared imaging camera. Baking the sol-gel films at temperatures ranging 

from 100–150 °C did not change the refractive index of the films back to the original 

state. Unfortunately, the change in the refractive index of the sol-gel film made it 

ineffective for IR spectroscopy.  

4.4 Conclusion 

The sol-gel recipe was studied using a matrix that varied the water and CTAB 

molar ratios relative to the amount of MTES. Analysis of these films after they were 

dried and the CTAB was washed out showed that the sol-gel films made using an Rw of 

0.5 washed off the slide when dipped in MeOH. The velocity of solvent migration 

through the films was measured and demonstrated that the solvent velocity was fastest for 

the films with the highest CTAB concentration. In addition, there appeared to be a small 

correlation of solvent velocity to Rw with the solvent velocity faster at lower values of 

Rw. SEM analysis of films prepared from the recipe matrix showed that Recipe 4-7 

(MTES/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0.1, pH  1.0, aged for 20 h at 60 °C 

prior to deposition) had a porous, “Swiss cheese”-like structure.  
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 Observations of the fluorescence of compounds deposited on sol-gel films 

prepared using Recipe 4-7a showed that the fluorescence was different than that seen on a 

commercial TLC plate, with the fluorescence of some compounds being quenched and 

other compounds having enhanced fluorescence on the sol-gel films. Different drying 

conditions were evaluated for films prepared using Recipe 4-7 and with the exception of 

rhodamine B, all fluorescent compounds exhibited maximum fluorescent intensity when 

the films were dried at 100 °C rather than 350 °C or at room temperature in a NH4OH 

vapor bath.  

Sol-gel films-based on recipe 4-7 but with pH values ranging from 0.5 to 3.0 were 

prepared. Films prepared from sols at pH values between 1.0 and 2.0 were the most 

homogeneous and structurally stable.  

 The above results were used to prepare a recipe of MTES/MeOH/H2O/CTAB at 

ratios of 1 : 20 : 7 : 0.2 and pH 1.5, aged for 20 h at 60 °C prior to deposition, and dried 

at 100 °C for 24 h following deposition. The average thickness of 12 films was 

determined to be 29.6 ± 4.7 μm by the interference fringe method. Mercury porosimetry 

showed that the pore size ranged from 0.15–2 μm with the majority of the pores being 

approximately 1 μm in diameter. The surface area of the sol-gel film was 3 m2/g, which 

is very small and not conducive to chromatographic separations. 

 The contact angle of water on the sol-gel film prepared using Recipe 4-19 was 

99° ± 5° indicating a very high degree of hydrophobicity and preventing the use of polar 

solvents in the mobile phase. A mobile phase of 2:1 toluene/hexane was used to separate 
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quinacrine⋅2HCl, perylene, and leucomalachite green and quinacrine⋅2HCl, perylene, and 

rhodamine B. 

 Although separations could be performed on sol-gel films prepared using Recipe 

4-19, spectroscopic detection of the analytes was hampered by an irreversible change in 

the refractive index when solvent was applied to the film.  
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5 REFINEMENT OF A RECIPE FOR AEROSOL DEPOSITION OF SOL-GEL 
FILMS (PART 2) 

Chapter 4 described the development of a sol-gel film for TLC that was suitable 

for performing separations, but could not be used in infrared spectroscopic detection due 

to an irreversible change in the refractive index of the film when solvent was applied. 

This chapter examines changes made in the recipe to eliminate the refractive index 

problem, and the physical and chromatographic properties of sol-gel films prepared with 

these new recipes. 

The approach to recipe development in Chapter 4 was linear, with only 1 or 2 

variables being tested at time. After choosing the most promising recipe, the next variable 

would be examined, and this process was repeated for several iterations. The limitation to 

this approach is that it ignored the interdependence of all the variables in the sol-gel 

process. In this chapter, a multivariate approach was taken to study the effect of different 

variables on developing a sol-gel film for TLC. A testing matrix was developed that 

divided the recipes into different groups-based on what variable was being tested. A 

recipe in each family was linked to a recipe in another family to allow comparisons. The 

sol-gel films prepared from each recipe were evaluated using TLC, DRIFTS, and SEM. 

Once a recipe was chosen, the film properties were analyzed. Physical properties 

of the film, thickness, porosity, and surface area, were measured. Chromatographic 

characterization included determining the effect of different developing chambers on 

solvent migration and separation ability, and measuring the flow velocity of solvents 
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through the film. The theoretical plate height and plate number were measured and 

compared to the values obtained using TLC and HPTLC plates. 

Please refer to Appendix A for a key to recipe names, ingredients, and processing 

details. 

5.1 Recipe development 

In an attempt to find a recipe that did not have the refractive index change that 

was seen in Chapter 4, further recipe development was performed. A large array of sol-

gels was prepared, with a variable modified in each recipe. In addition to Rw, Si:CTAB, 

and pH, the aging time and temperature of the sol prior to deposition were studied. The 

parameters were determined-based on results in previous chapters. A ratio of MeOH/Si of 

20 was previously shown to give a good viscosity for aerosol deposition, and all recipes 

in the matrix were prepared at this ratio. The CTAB:Si ratio was limited to values 

between 2–8. Studies in Chapter 4 showed that pH values between 1–2 resulted in the 

most structurally stable films. Rw was varied between 0–7. New variables that were 

examined include the aging time and aging temperature of the sol. Table 5.1 shows the 

recipes that were prepared and lists visual observations made on the dried and washed 

sol-gel films prepared from these recipes. The base recipe from which variables were 

adjusted is Recipe 4-19. The main change in the new recipe from Recipe 4-19 is shown in 

bold in Table 5.1. This created several groups of recipes: Rw = 0, Rw = 3, Rw = 7, varied 

Si/CTAB ratio, and aging temperature. Within the Rw = 0, Rw = 3, Rw = 7, and aging 
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temperature groups, the pH was varied. In addition, the aging time was varied within the 

aging temperature group. 
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Table 5.1. Recipes studied in this chapter. 

Molar Ratios 
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p 
(°

C
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Post-wash film observations 

5-1 1.0 20 0 0.2 1.0 16 60 did not carry solvent front 
5-2 1.0 20 0 0.2 1.5 16 60 did not carry solvent front 
5-3 1.0 20 0 0.2 2.0 16 60 did not carry solvent front 

5-4 1.0 20 3.0 0.2 1.0 16 60 
thin, powdery-looking film; toluene 
changes refractive index of plate; 
extremely fast solvent front 

5-5 1.0 20 3.0 0.2 1.5 16 60 
thin, powdery-looking film; toluene 
changes refractive index of plate; 
extremely fast solvent front 

5-6 1.0 20 3.0 0.2 2.0 16 60 
powdery-looking film with fine grain, 
no change in refractive index due to 
solvent 

5-7 1.0 20 7.0 0.5 1.5 16 60 poorly coated film 

4-19 1.0 20 7.0 0.2 1.5 16 60 
fine grained film, change in refractive 
index after development, reasonable 
development time 

5-8 1.0 20 7.0 0.125 1.5 16 60 

fine grained film, change in refractive 
index after development, reasonable 
development time but some 
condensation of vapor on film edge 

5-9 1.0 20 7.0 0.2 1.5 16 25 

more opaque than t = 1 hr but 
otherwise looks similar, smaller spots 
during sample application, slow 
development with vapor condensing on 
edges of plate 

5-10 1.0 20 7.0 0.2 1.5 1 25 grainy looking film, no refractive index 
change, moderately slow development 

5-11 1.0 20 7.0 0.2 1.0 16 60 
powdery-looking film, toluene changes 
refractive index of plate, fast solvent 
front 

5-12 1.0 20 7.0 0.2 2.0 16 60 
fine grained film, slight change in 
refractive index after development, 
reasonable development time 

5-13 1.0 20 7.0 0.2 1.0 4 25 fine grained film, no refractive index 
change, slow development time 

5-14 1.0 20 7.0 0.2 2.0 6 25 film not mechanically stable 
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After the sol-gel films were dried and the CTAB was washed out, observations of 

the films showed that all of the films prepared at Rw =  0 (Recipes 5-1, 5-2, and 5-3) were 

not suitable for chromatography. These films were very thin and inhomogeneous, 

preventing them from carrying a solvent front up the film. In addition, Recipe 5-7 was 

not suitable for chromatography because CTAB collected on the tip of the nebulizer as 

the solvent evaporated resulting in an uneven spray out of the nebulizer which gave a 

poorly coated slide. Recipe 5-14 was not suitable for chromatography because the film 

could be easily brushed off the slide after washing. As the water content was increased, 

the film quality improved. Sol-gel films made at Rw = 7 were thicker and had a finer 

grain than their counterparts made at Rw = 3. The films were dipped into toluene to 

determine if there was a change in the refractive index. Visual observation showed that 

for films aged at 60 °C, those prepared at higher pH had smaller changes in the refractive 

index than films prepared at lower pH. The films aged at room temperature did not show 

a change in refractive index.   

The next analyses were performed on the films that were suitable for 

chromatography (Recipes 4-19, 5-4–5-6, 5-8–5-12) and Recipe 5-14 for comparision 

purposes.. A test chromatographic separation of perylene and leucomalachite green using 

2:1 toluene/hexane was used to evaluate the separation potential of the films. The sol-gel 

films were allowed to develop for an hour in order to compare the solvent migration 

speeds. DRIFTS was performed to observe the chemical differences in the films. SEM 

was performed to examine the effect changes in the recipe had on the structure of the sol-

gel films and determine the film thickness. These analyses will be discussed together to 
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determine the relationship between recipe, chromatography, chemical structure, and 

morphology. 

 The recipes are divided up into several groups for comparison of the data. Group 

1 recipes had varying Si:CTAB ratios. Group 2 recipes were prepared at different pH 

values at Rw = 3. Group 3 recipes were prepared at different pH values at Rw = 7. Group 4 

recipes were prepared at different pH values and were aged at room temperature prior to 

deposition.  

5.1.1 Group 1 recipes 

Group 1 consisted of sol-gel recipes prepared at Rw = 7 and pH 1.5 with 

Si:CTAB ratios varied from 0.125 to 0.5. The recipes were aged 16 h at 60 °C. The 

recipes are shown in Table 5.2. 

Table 5.2. Group 1 recipes 

Molar Ratios 
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5-7 1.0 20 7.0 0.5 1.5 16 60 
4-19 1.0 20 7.0 0.2 1.5 16 60 
5-8 1.0 20 7.0 0.125 1.5 16 60 

 

 Recipe 5-7 was not evaluated due to the poor quality of the sol-gel film caused by 

the high CTAB concentration. Comparison of the chromatography (Figure 5.1 and Table 

5.3) and DRIFTS results (Figure 5.2) for Recipes 4-19 and 5-8 shows that there was very 
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little difference between the two sol-gel films. SEM was not performed on Recipe 5-8 

due to the chromatographic and spectroscopic similarity between it and Recipe 4-19. 

 

 

Figure 5.1. Chromatographic evaluation of sol-gel recipes with Si:CTAB ratios of 0.2 
(Recipe 4-19) and 0.125 (Recipe 5-8). 

 

Table 5.3. hRf values for separations performed on films prepared using Group 1 recipes. 

  hRf 
 Perylene Leucomalachite

green 
Recipe 4-19 94 66 
Recipe 5-8 96 79 
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Figure 5.2. DRIFTS of sol-gel films prepared using Recipes 4-19 and 5-8. 

 

5.1.2 Group 2 recipes 

Group 2 consisted of sol-gel recipes prepared at Rw = 3 with pH values from 1.0 

to 2.0. The recipes were aged 16 h at 60 °C. The recipes are shown in Table 5.4. 

Table 5.4. Group 2 recipes 

Molar Ratios 

R
ec

ip
e 

M
T

E
S 

M
eO

H
 

H
2O

 

C
T

A
B

 

pH
 

tim
e 

(h
) 

te
m

p 
(°

C
) 

5-4 1.0 20 3.0 0.2 1.0 16 60 
5-5 1.0 20 3.0 0.2 1.5 16 60 
5-6 1.0 20 3.0 0.2 2.0 16 60 
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 Comparison of the chromatography within the Group 2 recipes (Figure 5.3 and 

Table 5.5) shows that overall there is little retention of the analytes on the films, although 

some slight improvement in the retention and separation is seen at higher pH. These 

characteristics correlate with the increased amount of –OH present in the sol-gel film, as 

indicated in the DRIFTS spectra (Figure 5.4). SEM was not performed on Recipes 5-4 

and 5-5 due to their poor chromatography. SEM of Recipe 5-6 (Figure 5.5) shows the sol-

gel is not a continuous film, but rather is composed of sol-gel particles of widely varying 

size.  

 

 

Figure 5.3. Chromatographic evaluation of recipes prepared at Rw = 3 and pH 1.0, 1.5, 
and 2.0 (Recipes 5-4, 5-5, and 5-6, respectively).  
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Table 5.5. hRf values for separations performed on films prepared using Group 2 recipes. 
 

  hRf 
 Perylene Leucomalachite

green 
Recipe 5-4 100 100 
Recipe 5-5 100 100 
Recipe 5-6 93 78 

 

 

Figure 5.4. DRIFTS of sol-gel films prepared using recipes with an Rw = 3 (Recipes 5-4, 
5-5, and 5-6). 
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Figure 5.5. SEM of sol-gel films prepared using Recipe 5-6. 

 

5.1.3 Group 3 recipes 

Group 3 consisted of sol-gel recipes prepared at Rw = 7 with pH 1.0 –2.0. The 

recipes were aged 16 h at 60 °C. The recipes are shown in Table 5.6. 

Table 5.6. Group 3 recipes 

Molar Ratios 

R
ec

ip
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E
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M
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H
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C
T
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pH
 

tim
e 

(h
) 

te
m

p 
(°

C
) 

5-11 1.0 20 7.0 0.2 1.0 16 60 
4-19 1.0 20 7.0 0.2 1.5 16 60 
5-12 1.0 20 7.0 0.2 2.0 16 60 
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Comparison of the chromatography within the Group 3 recipes (Figure 5.6 and 

Table 5.7) shows that there is improved retention and separation at higher pH, similar to 

what was seen in Group 2. In addition, the films in Group 3 show overall improved 

retention and separation over Group 2 indicating that higher amounts of water in the 

starting recipe lead to improved chromatographic characteristics of the sol-gel films. 

Again, the DRIFTS spectra (Figure 5.7) indicate the films containing more –OH exhibit 

better separations. SEM of Recipe 5-11 (Figure 5.8) shows the sol-gel is composed of 

irregular particles with pores located on the surface. Recipes 4-19 (Figure 5.9) and 5-12 

(Figure 5.10) both appear to be films containing interconnected pores of different sizes. 

Irregularity in the surfaces in the low magnification images is likely due to disruptions in 

the film surfaces when they were removed from the microscope slides.  
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Figure 5.6. Chromatographic evaluation of recipes prepared at Rw = 7 and pH 1.0, 1.5, 
and 2.0 (Recipes 5-11, 4-19, and 5-12, respectively). 

Table 5.7. hRf values for separations performed on films prepared using Group 3 recipes. 

 hRf 
 Perylene Leucomalachite

green 
Recipe 5-11 100 95 
Recipe 4-19 94 66 
Recipe 5-12 83 67 
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Figure 5.7. DRIFTS of sol-gel films prepared with recipes at an Rw = 7 (Recipes 5-11, 4-
19, and 5-12). 

 



158 

  

 

Figure 5.8. SEM of sol-gel films prepared using Recipe 5-11. 

 

Figure 5.9. SEM of sol-gel films prepared using Recipe 4-19. 

 

Figure 5.10. SEM of sol-gel films prepared using Recipe 5-12. 



159 

  

5.1.4 Group 4 recipes 

Group 4 consisted of sol-gel recipes prepared at Rw = 7 and aged at room 

temperature. The pH values varied from 1.0 to 2.0, and the aging time varied from 1 to 16 

h. The aging time of Recipes 5-10, 5-13, and 5-14 was different because they were 

prepared at the same time and deposited sequentially. The recipes are shown in Table 5.8. 

Table 5.8. Group 4 recipes 

Molar Ratios 

R
ec

ip
e 

M
T

E
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M
eO

H
 

H
2O

 

C
T

A
B

 

pH
 

tim
e 

(h
) 

te
m

p 
(°

C
) 

5-9 1.0 20 7.0 0.2 1.5 16 25 
5-10 1.0 20 7.0 0.2 1.5 1 25 
5-13 1.0 20 7.0 0.2 1.0 4 25 
5-14 1.0 20 7.0 0.2 2.0 6 25 

 

Recipe 5-14, prepared at pH 2.0, was not suitable for chromatography because the 

sol-gel film was easily brushed off the microscope slide. However, the other recipes aged 

at room temperature demonstrated much better analyte retention and separation (Figure 

5.11 and Table 5.9) compared to their analogous recipes aged at 60 °C. As expected, the 

DRIFTS spectra (Figure 5.12) show that the sol-gel films prepared at higher pH contain 

higher concentration of –OH. In addition, Recipe 5-10, aged for 1 h, has a much higher 

concentration of –OH than Recipe 5-9, which was aged for 16 h.  

 



160 

  

 

Figure 5.11. Chromatographic evaluation for recipes aged at room temperature.  

Table 5.9. hRf values for separations performed on films prepared using Group 4 recipes. 

  hRf 
 Perylene Leucomalachite

green 
Recipe 5-13 73 43 
Recipe 5-9 73 46 
Recipe 5-10 80 35 
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Figure 5.12. DRIFTS spectra of sol-gel films prepared from recipes aged at room 
temperature. 

 

SEM analysis shows some significant differences between the recipes. Recipe 5-

14, prepared at pH 2, is a continuous film, but rather than having interconnected pores, 

the film contains oblong shaped craters that do not appear to be connected to each other 

(Figure 5.13).-based on this structure, even if this film was robust enough for 

chromatography, it is unlikely that solvent could move effectively through the film.  
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Figure 5.13. SEM of sol-gel films prepared using Recipe 5-14. 

 

SEM analysis of Recipe 5-13, prepared at pH 1, shows a film containing 

interconnected pores (Figure 5.14). Although the structure of this film is similar to that 

seen for Recipe 5-9 (Figure 5.15), the DRIFTS spectra show that films prepared using 

Recipe 5-9 contain more OH groups. Data from the DRIFTS spectra and 

chromatographic analysis of Group 2 and Group 3 recipes show that increased amount of 

OH groups in the films provide better retention and selectivity. Therefore, films prepared 

using Recipe 5-9 were favored over films prepared using Recipe 5-13. 
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Figure 5.14. SEM of sol-gel films prepared using 5-13. 

 

Recipes 5-9 and 5-10 only differed in the length of time the sol was allowed to 

age prior to deposition. However, the SEM images show that the structures of the sol-gel 

films are quite different. The sol-gel film prepared from Recipe 5-10 shows the film is 

composed of parallel sheets that do not contain pores. In contrast, the sol-gel film 

prepared using Recipe 5-9 appears to be composed of a porous network. The additional 

aging time allowed for the evolution of the porous network. While the additional –OH 

groups in Recipe 5-10 contribute to the excellent retention and separation of perylene and 

leucomalachite green, the non-porous structure also played a role because the lower 

surface area resulted in the film having a faster solvent front than the film prepared from 

Recipe 5-9, as seen in Figure 5.11. 

 Figure 5.16 shows an SEM image of a cross section of the film prepared using 

Recipe 5-9. The cross section shows that the porosity extends throughout the sol-gel film. 

The pores on the lower half of the film appear to be smaller than the pores on the upper 

half. This may have been caused by the preparation of the cross section. The sol-gel film 
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was not scraped off the microscope slide, as with the other SEM samples, but rather a 

corner was cut off the sol-gel coated microscope slide, and this was mounted 

perpendicular to the SEM stub. The pressure exerted on the surface of the film touching 

the microscope slide when the microscope slide was scored may have caused 

compression of the pores on the lower half of the film. 
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Figure 5.15. SEM of sol-gel films prepared using Recipe 5-9. 

 

Figure 5.16. SEM of a cross section of a sol-gel film prepared using Recipe 5-9. 
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Figure 5.17. SEM of sol-gel films prepared using Recipe 5-10. 

 

5.1.5 Further development of recipes aged at room temperature 

Based on the rapid solvent migration and excellent relative retention seen in the 

chromatography performed on Recipe 5-10, additional sol-gel films were prepared using 

this recipe. However, although the same deposition and drying conditions were used, the 

films were easily rubbed off the microscope slides. Lengthening the drying step to three 
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days at room temperature resulted in a film that could not be rubbed off the microscope 

slide, but when toluene or acetonitrile were placed on the film, there was an irreversible 

refractive index change. The reason the original film was mechanically stable and did not 

demonstrate a refractive index change could not be determined. 

To further explore the films prepared at room temperature, the effect of aging 

time on the sol-gel prior to deposition was evaluated. The sol-gel precursor solution was 

aged for 1 h (Recipe 5-10), 2, 4, 6, 12, and 16 h (Recipe 5-9) prior to deposition. After 

deposition, the films were dried overnight at room temperature followed by drying for 24 

h at 100 °C. After washing the CTAB out of the films with MeOH, the stability of the 

sol-gel films was determined. The sol-gel films that had been aged for 1 or 2 h could 

easily be brushed off the microscope slide. Rubbing the film aged for 4 h removed some 

of the sol-gel film. The films aged for 6 and 12 h were mechanically stable and vigorous 

rubbing of the film did not visibly disturb the surface, but the films tended to appear 

inhomogeneous. The best mechanical stability, reproducibility, and homogeneity was 

observed when the precursor solution was aged for 16 h (Recipe 5-9). 

5.1.6 Recipe conclusions 

The above experiments indicated that a sol-gel film prepared using 

MTES/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0.2 and pH 1.5 demonstrated excellent 

properties for TLC and IR spectroscopic detection. The solution was aged for 16 h at 

room temperature prior to deposition. After deposition, the sol-gel films were dried at 

room temperature overnight followed by drying at 100 °C for 24 h (Recipe 5-9). 
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Although Recipe 5-9 demonstrated a very slow solvent front, it was selected as the best 

recipe due to its ease of reproducibility, high surface area (based on SEM images) 

relative to the other recipes, lack of a refractive index change, and good relative retention 

values. 

5.2 Film characterization 

5.2.1 Film thickness 

SEM of a cross section of the film (Figure 5.16) shows the film thickness is 

approximately 10 μm.  

5.2.2 Porosity and surface area 

Mercury porosimetry was used to determine the pore diameter. Figure 5.18 shows 

the relative pore volume frequency. Results are given in Table 5.10. There appears to be a 

bimodal pore distribution with pore diameters centered around 3.5 μm and 0.85 μm with 

no mesopores being detected. The average pore diameter is 0.96 μm.  
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Figure 5.18. Pore volume frequency for a sol-gel film prepared using Recipe 5-9. 

Table 5.10. Pore diameter statistics for the sol-gel film made using Recipe 5-9. 

 Diameter (μm)
Mean 0.9648 
Mode 3.293 

Median 1.231 
 

The surface area for the film made using Recipe 5-9 was 30 m2/g, which is an 

order of magnitude higher than the previous films studied. The surface area is still 

consistant with a macroporous film lacking mesoporous structure. 
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5.2.3 Chromatography characterization 

5.2.3.1 Solvent migration 

In an attempt to optimize separations, different chambers were evaluated for the 

quality of solvent front they produced. These included a horizontal developing chamber, 

a standard TLC developing chamber for 10 cm × 10 cm TLC plates, and a 150 mL beaker 

that used 4 layers of plastic wrap rubber banded to the beaker as a lid. The horizontal 

developing chamber could not be used for sol-gel film chromatographic development due 

to the slow migration speed of the solvent. The solvent in the reservoir of the horizontal 

chamber evaporated before the solvent in the film traveled 2 cm. Solvent migration was 

observed for saturated and unsaturated conditions using both a TLC developing chamber 

and a beaker. The saturated chambers were prepared by lining the chamber with filter 

paper and adding the developing solvent to a depth of 0.5 cm. This was allowed to 

equilibrate for 10 minutes. The filter paper provided extra surface area to ensure the 

chamber was saturated with vapor phase. The unsaturated chambers contained the 

developing solvent at a depth of 0.5 cm and were equilibrated for 10 min. However, they 

did not contain any filter paper. Fluorescein, perylene, acridine, and rhodamine B were 

developed for 1 h on sol-gel films prepared using Recipe 5-9 using 3:1 toluene/hexane. 

The saturated TLC chamber could not be used for a 3:1 toluene/hexane developing 

solvent because the solvent vapor condensed on the plate after 20 minutes, which 

prevented further solvent migration. Results for the unsaturated TLC developing chamber 

and saturated and unsaturated beakers are shown in Figure 5.19.  
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Figure 5.19. Separation of fluorescein, perylene, acridine, and rhodamine B using a 
mobile phase of 3:1 toluene/hexane in saturated and unsaturated conditions in a TLC 
developing chamber and a beaker. The development in a saturated TLC chamber is not 
shown because vapor condensation in the film prevented solvent migration. 

 

Figure 5.19 shows that the solvent migration and chromatographic separation of 

fluorescein, perylene, acridine, and rhodamine B are different in the different developing 

setups. Solvent traveled the slowest in the unsaturated beaker, and the compounds were 

all on the solvent front. Development in the unsaturated TLC developing chamber was 

faster than in the corresponding beaker, but the analytes were still very close to the 

solvent front and do not show much retention. The best development was seen in the 

saturated beaker. The solvent migrated approximately 2/3 of the length of the plate and 

analyte retention was seen.  
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The solvent migration of hexane, methanol, and acetonitrile was measured in a 

saturated and unsaturated TLC developing chamber and in a saturated beaker. The 

unsaturated beaker was not studied because the sol-gel film did not selectively retain 

analytes. For measuring the solvent migration in TLC developing chambers, 10.0 mL of 

solvent was placed in the chamber and the chamber was allowed to equilibrate for 10 

minutes. The saturated TLC chamber was lined with filter paper on the back and sides. 

The front of the chamber was not lined in order to see the sol-gel films to measure the 

solvent migration. After the chambers were equilibrated, two sol-gel films were placed in 

each chamber and a ruler was placed between the films. The distance the solvent had 

migrated was measured at 5 minute intervals from 0 to 30 minutes, 10 minute intervals 

from 30 to 60 minutes, and 30 minute intervals from 60 to 120 minutes. The results are 

plotted and shown in Figure 5.20 for the saturated TLC developing chamber and Figure 

5.21 for the unsaturated TLC developing chamber.-based on Equation 1.10, linear solvent 

migration behavior was extrapolated for each solvent from the linear portion of the 

experimental results. 
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Figure 5.20. Solvent front migration in saturated TLC chamber. 

 

Figure 5.20 shows that each of the solvents migrated less than 5 cm in two hours. 

During migration, the methanol had a U-shaped solvent front where the solvent moved 

faster on the edges than in the middle. Measurement of the migration distance was made 

at the lowest portion of the U. After 1 h of development, the methanol migration slowed 

and began to deviate from linearity. Like the methanol, hexane also had a U-shaped 

solvent front. Due to solvent vapor condensing on the edges and top of the sol-gel film, 

the film was unable to carry solvent forward after 15 minutes in the saturated chamber. 

The only solvent to demonstrate nearly ideal migration was acetonitrile. The solvent front 
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remained flat during development and the migration speed remained constant over the 2 h 

development time. 

 

 

Figure 5.21. Solvent front migration in unsaturated TLC chamber. 

 

In the unsaturated TLC developing chamber, both methanol and acetonitrile 

demonstrate linear migration over a 2 h period. For methanol, the solvent front was flat 

while acetonitrile had a slightly bowed solvent front, with the middle traveling faster than 

the edges indicating the solvent was vaporizing out of the film near the edges. Hexane 

had a flat solvent front rather then the U-shaped solvent front seen in the saturated 

chamber, but began to deviate from linearity after 15 minutes.  
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Measurement of solvent migration in saturated beakers was performed by lining 

150 mL beakers with filter paper. The filter paper extended around approximately ¾ of 

the circumference of the beaker. For each solvent, 5 mL was placed in the beaker and 

allowed to equilibrate for 5 min prior to adding the sol-gel films. The beakers were sealed 

by using rubber bands to hold four layers of plastic wrap to the beakers. Each beaker 

contained only one sol-gel film and three films were used for each solvent. Solvent 

migration distance was measured by taping a ruler to the back of each film. Results are 

shown in Figure 5.22. 

 

 

Figure 5.22. Solvent front migration in saturated beaker. 
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Figure 5.22 shows the observed solvent migration with a line showing how the 

observed results compare to predicted linear migration. In all cases, the observed solvent 

fronts were flat and did not exhibit any curvature as seen in the TLC developing 

chambers. As with both the saturated and unsaturated TLC developing chambers, hexane 

rapidly deviated from linear behavior as its migration speed increased. Acetonitrile and 

methanol followed predicted linear solvent migration behavior for 60 min, after which 

methanol negatively deviated from linear behavior.-based on the linear migration of 

methanol and acetonitrile and the flat solvent fronts observed in the saturated beaker, all 

development was done using the saturated beaker.  

Further examination of solvent migration theory shows that the results are in 

agreement with theory.5 Recall from Chapter 1 that under ideal conditions, the migration 

distance of the solvent front can be described by: 

ktt
dk

z po ==
η

θγ cos22  
Equation 1.10 

where z is the solvent migration distance, k0 is the external permeability function of the 

porosity, dp is the particle diameter, γ is the surface tension of the mobile phase, cos θ is 

the contact angle of the mobile phase with the stationary phase, η is the solvent viscosity, 

k is the velocity constant, and t is the time. In practice, conditions may exist that cause the 

migration of the solvent to deviate from the ideal.  

It is nearly impossible to fully saturate a TLC chamber. For example, the simple 

act of introducing a TLC plate into the chamber changes the atmosphere of a saturated 
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tank.  As a result of incomplete chamber saturation, solvent will evaporate off the 

stationary phase. This can be described by the following equation: 

⎥
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⎤
⎢
⎣

⎡
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⎠
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⎝
⎛−−=

e
vt

v
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2  
Equation 5.1 

where e is the thickness of the stationary phase and v is rate of vaporization of solvent 

from the wet stationary phase. The consequence of this equation is that there is an upper 

limit to the distance of solvent migration. 

The other effect to consider when observing solvent migration is that solvent can 

be adsorbed into the stationary phase. Typically, the rate of solvent adsorption is 

significantly greater than the rate of solvent vaporization. TLC typically is performed in a 

saturated chamber using a plate that has not been equilibrated with the solvent vapor. As 

a result, the dry sorbent bed adsorbs solvent vapor progressively over the course of the 

development. This can be described by the following equation: 
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Equation 5.2 

where ε0 is the total porosity of the statonary phase and v’ is the rate of adsorption of 

solvent vapor into the dry stationary phase above the solvent front. As a result of solvent 

adsorption, the solvent velocity constant increases over time.  Plots of these equations are 

shown in Figure 5.23 to demonstrate the effects of solvent vaporization and adsorption on 

the migration distance of the mobile phase.  
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Figure 5.23. Effect of solvent adsorption and vaporization on the migration distance of 
the mobile phase. 

 

The experimental plots show that hexane had a positive deviation from linearity in 

all of the chambers indicating that it was adsorbed into the films. In saturated conditions, 

methanol showed a negative deviation from linearity indicating that it vaporized out of 

the film. In unsaturated conditions, methanol followed very closely to linear solvent 

migration. In all of the chambers, acetonitrile followed very closely to linear solvent 

migration. 
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5.2.3.2 Developing a separation 

 Developing a separation on sol-gel films was done by first evaluating which 

solvents provided selective retention of the analytes and then choosing appropriate 

mixtures of solvents to fine tune the separation. Figure 5.24 and Figure 5.25 demonstrate 

the development of the separation of perylene, acridine, and pentacene.  

 

Figure 5.24. Initial development for the separation of perylene, acridine, and 
fluoranthene. 

 

The initial step in developing a separation method for perylene, pentacene, and 

acridine was to develop the mixture in neat solvent. The results of these developments are 

shown in Figure 5.24. Separations performed with either ethanol or acetone showed no 
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selective retention between the three compounds, whereas toluene and hexane did 

demonstrate selective retention of perylene, acridine, and pentacene. When the mixture 

was separated in toluene, pentacene and perylene were separated from acridine. With 

hexane as the mobile phase, perylene was separated from pentacene and acridine. These 

results indicate that a mixture of hexane and toluene as the mobile phase should 

completely separate the three analytes. Figure 5.25 shows the separation of perylene, 

acridine, and pentacene using different ratios of toluene and hexane. Using a mobile 

phase of 5:2 hexane/toluene, all three analytes was baseline separated.  
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Figure 5.25. Refinement of the separation of perylene, acridine, and pentacene using 
varying ratios of toluene/hexane. 

 

5.2.3.3 Theoretical plate values 

 Theoretical plate values were measured on films prepared using Recipe 5-9, 

Sargent-Welch C18 TLC plates, and Whatman KC18 HPTLC plates. For the sol-gel 

films, five separate batches were prepared and three films from each batch were studied 

to measure the reproducibility between batches. For the TLC and HPTLC plates, 3 plates 

each were studied.  
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A mixture of acridine (50 ng/μL) and perylene (50 ng/μL) was applied to the sol-

gel films in 1 aliquot of 0.1 μL using an SGE 0.5 μL TLC sample application syringe. 

The films were developed for 30 min in 5:2 hexane/toluene using a saturated plastic wrap 

covered beaker as the developing chamber. The solvent migrated approximately 3.5 cm 

(approximately ½ of the length of the film) during the development. Table 5.11 shows the 

results for the sol-gel film. 

The slow solvent migration seen with the sol-gel films was not an issue with the 

TLC and HPTLC plates, which were developed to within 1 cm of the top of the plate. In 

the case of the TLC plate, a slight modification to the mobile phase was made in order to 

get acridine to migrate off of the origin and a 1:1 toluene/hexane mobile phase was used. 

Results are shown in Table 5.12 for the Sargent-Welsh TLC plates and Table 5.13 for the 

Whatman HPTLC plates.  

Theoretical plate height was calculated using the following equation:  

X
WH
16

2

=  Equation 5.3

where H is the plate height, W is the spot width, and X is the distance from origin to spot 

center in mm. The number of theoretical plates was calculated using:  

2

16 ⎟
⎠
⎞

⎜
⎝
⎛×=
W
XN  Equation 5.4

where N is the number of theoretical plates.14 
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Table 5.11. Theoretical plate values for sol-gel films prepared using Recipe 5-9. 

 hRf Plate height (H) (μm) Plate number (N) 
Sample Acridine Perylene Acridine Perylene Acridine Perylene
24G #1 15 80 579 170 7 138 
24G #2 16 78 220 95 19 212 
24G #3 10 77 885 116 3 187 

       
25G #1 13 81 391 108 10 240 
25G #2 13 80 385 97 11 266 
25G #3 16 82 538 117 10 233 

       
26G #1 12 75 477 89 7 256 
26G #2 12 66 654 163 6 127 
26G #3 10 78 586 125 5 170 

       
27G #1 15 72 345 128 14 185 
27G #2 12 78 456 108 10 277 
27G #3 13 77 735 233 6 104 

       
28G #1 17 79 376 131 14 187 
28G #2 16 79 381 102 12 229 
28G #3 14 71 324 381 14 60 

       
average 14 77 489 144 10 191 
standard 
deviation 2 4 175 75 4 63 

% RSD 16 6 36 52 43 33 
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Table 5.12. Theoretical plate values determined for Sargent-Welch C18 TLC plates.  

 hRf Plate height (H) (μm) Plate number (N) 
Sample Acridine Perylene Acridine Perylene Acridine Perylene
SW #1 2 74 880 32 2 1264 
SW #2 0 74 6000 45 0 863 
SW #3 2 73 1021 44 1 923 

       
average 2 74 2634 40 1 1017 
standard 
deviation 1 1 2916 8 1 217 

% RSD 71 1 111 19 85 21 
literature --- 30 <600 

 

Table 5.13. Theoretical plate values determined for Whatman KC18 HPTLC plates. 

 hRf Plate height (H) (μm) Plate number (N) 
Sample Acridine Perylene Acridine Perylene Acridine Perylene
C18 #1 7 87 293 23 14 2289 
C18 #2 7 87 381 20 10 2601 
C18 #3 7 86 260 20 16 2584 

       
average 7 87 312 21 13 2491 
standard 
deviation 0 1 62 2 3 175 

% RSD 4 1 20 8 23 7 
literature --- 5–20 <5000 

 

Table 5.14. Comparison of plate height and number for perylene. 

 Plate height
(H) (μm) 

Average plate number 
(N) 

sol-gel film 144 191 
TLC 40 1017 

HPTLC 21 2491 
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The experimental data show that plate height decreases as migration distance 

increases. This is in agreement with Equation 5.3 where plate height is inversely 

proportional to the migration distance of the analyte. For the sol-gel films, the inter- and 

intra-batch reproducibility was comparable to the reproducibility of the TLC and HPTLC 

plates.  

The experimental theoretical plate values for perylene in the TLC and HPTLC 

plates are close to the literature values. The theoretical plate value of perylene in the sol-

gel film is approximately 3.5 times higher than the value for the TLC plate. There are 

several sources for the high theoretical plate values seen on films prepared with Recipe 5-

9. Due to the low surface area of the films (30 m2/g), it was very easy to overload the 

plate resulting in peak broadening. An additional source of band broadening was the slow 

solvent migration velocity (~3.5 cm/30 min) that allowed more time for analyte diffusion.  

5.3 Conclusion 

Sol-gel films were prepared using a recipe matrix that examined the roles of 

water, CTAB, pH, aging time, and aging temperature on the film structure and 

chromatography. The results showed that there was better solute retention and separation 

at higher Rw and pH values. Sol-gels aged at room temperature prior to deposition 

demonstrated better separation of perylene and leucomalachite green than films aged at 

60 °C, and they did not demonstrate a refractive index change when solvent was 

introduced to the film.  
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The above results indicated that a sol-gel film with good chromatographic 

properties could be prepared using a precursor solution of MTES/MeOH/H2O/CTAB at 

ratios of 1 : 20 : 7 : 0.2 and pH 1.5. The solution was aged for 16 h at room temperature 

prior to deposition. After deposition, the sol-gel films were dried at room temperature 

overnight followed by drying at 100 °C for 24 h (Recipe 5-9). Although Recipe 5-9 

demonstrated a very slow solvent front, it was easily reproduced, demonstrated a highly 

connected porous network, lacked a refractive index change in solvent, and demonstrated 

a high relative retention value for the test separation of perylene and leucomalachite 

green. 

 An SEM image of a cross section showed that the film was ~10 μm thick. The 

surface area of the film was 30 m2/g. Although this number is low, it is an order of 

magnitude higher than the surface area of previous sol-gel films. This sol-gel film had a 

bimodal pore distribution with pore diameters centered around 3.5 and 0.85 μm. There 

was no evidence of mesoporous structure. 

 Chromatographic characterization began by evaluating the migration of solvent 

through the films in a horizontal developing chamber, a 10 × 10 developing chamber, and 

a beaker in saturated and unsaturated conditions. Selective retention of the analytes 

occurred in saturated conditions, but not in the unsaturated conditions. In addition, 

solvent migration behaved closest to ideal linear conditions in the saturated beaker and 

TLC developing chamber. However, for solvents with high vapor pressures, the effect of 

solvent condensation and volatilization on the migration was more pronounced in the 
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TLC developing chamber. Overall, solvent migration was closest to ideality in the 

saturated beaker, with minimal edge effects due to vapor condensation or evaporation. 

Perylene, acridine, and fluoranthene were separated on a sol-gel film prepared 

using Recipe 5-9. Developing the sol-gel films in neat solvents showed selective 

retention between the analytes when either toluene or hexane was used as the mobile 

phase. Mobile phases of toluene/hexane at different ratios demonstrated the ability to fine 

tune the separation of perylene, acridine, and fluoranthene. 

Theoretical plate height and number were calculated for sol-gel films prepared 

using Recipe 5-9. For perylene, the sol-gel films had an average plate height of 144 μm 

and averaged 191 theoretical plates. These values are significantly lower then those 

measured on a TLC plate. The large degree of band broading seen on the sol-gel films 

was likely due to the low surface area of the film and the slow velocity of the mobile 

phase. 
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6 MTES-BASED SOL-GEL FILMS PREPARED USING OTHER TEMPLATE 
MOLECULES 

Work in the previous chapter demonstrated that sol-gel films could be used for 

TLC; however, the films prepared in the previous chapter had poor chromatographic 

efficiency due to the low surface area of the films and the slow migration velocity of the 

mobile phase. SEM of the films prepared using Recipe 5-9 showed only macroporous 

structure, which results in the relatively low surface area of 30 m2/g. For comparison, 

silica 60, which has a mesoporous structure, has a surface area of 480 m2/g.11 The pore 

diameter observed in the sol-gel films prepared in Chapter 4 was higher than expected for 

a CTAB template. Typically, sol-gels prepared with a CTAB template have mesoporous 

microstructures which leads to a higher surface area.51 The macroporous structure seen 

with the aerosol deposited sol-gel films templated with CTAB films seems anomalous 

compared to the pore structures reported in literature. It was hypothesized that the aerosol 

deposition introduced air to the CTAB causing small CTAB bubbles to form and the sol-

gel templated around this foam.  

This chapter focuses on adjusting the sol-gel recipe in an attempt to obtain a film 

with mesoporous structure. Two different approaches were taken to obtain smaller pores: 

adding antifoaming agents to the CTAB template and using different template molecules 

that may be less prone to foaming. The antifoaming agents were used to test the theory 

that CTAB foamed during the aerosol deposition. Two common antifoaming agents, 

tetrabutylammonium bromide (TBAB) and dimethylpolysiloxane (DMPS), were 

examined. TBAB was chosen because, unlike most antifoaming agents, it is water soluble 
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and would be in the same phase as the CTAB in the precursor solution.100 DMPS was 

chosen because it is a common industrial antifoaming agent.101 Several alternative 

templating agents were explored. The first approach was to use surfactants with different 

ionic charges than the CTAB (cationic). Sodium dodecyl sulfate (SDS, anionic) and 

Triton X-100 (neutral) were used as the surfactant templates. In addition, the use of urea 

and polyethylene glycol as templating agents was examined.  

Please refer to Appendix A for a key to recipe names, ingredients, and processing 

details. 

6.1 Recipe development 

6.1.1 Pipet deposition of a CTAB-templated film 

To determine if the large pore size seen in Recipe 5-9 was caused by the CTAB 

template and independent of the nebulizer, SEM images were aquired of a film deposited 

using a pipet. This film was prepared early in the development of the CTAB templated 

sol-gel films when pipet deposition was being evaluated. A precursor solution of MTES, 

H2O, and concentrated HCl was refluxed for 1 h, CTAB was added and the solution was 

mixed for 1 h. The final solution of MTES/H2O/CTAB at ratios of 1 : 3 : 0.025 had pH 

0.5 (Recipe 6-1) After mixing, the solution was viscous and cloudy due to sol formation. 

A pipet was used to deposit 1500 μL of precursor solution onto a microscope slide. The 

film was dried overnight in a dessicator, which contained a saturated solution of 

Mg(NO3)2 to maintain the relative humidity at 53%. The film was then dried in an oven 
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at 40 °C for 1 h followed by 60 °C for 3 h. After the film was cooled, it pulled off the 

slide and split in half lengthwise through the middle. The CTAB was washed out of the 

film with MeOH. Both surfaces of the film were smooth and glassy. A micrometer was 

used to measure the thickness of the film at three different locations. The average 

thickness was 280 ± 0 μm.  

Based on the SEM images shown in Figure 6.1, there is no clear evidence of 

interconnected porous structure in the pipet deposited film. The CTAB did create crater-

like structures which are approximately 1 μm in diameter. This diameter is consistent 

with the pore diameters observed in aerosol deposited films. 
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Figure 6.1. SEM of a film prepared using pipet deposition. 
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6.1.2 No surfactant 

To determine if aerosol deposition had an effect independent of the CTAB on the 

porosity of the sol-gel film, a non-template-containing sol-gel film was deposited. A 

solution (Recipe 6-2) of MTES/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0 and pH 1.5 

was prepared and aged overnight at room temperature. After the deposited films were 

dried and washed, the sol-gel films were transparent, colorless and the surface was 

smooth to the touch. 

 Figure 6.2 shows the SEM images of Recipe 6-2. The SEM images show that the 

sol-gel film fractured into long, worm-like structures when it was scraped off the 

microscope slide, and that the film does not contain visible pores.  

 

Figure 6.2. SEM images of a sol-gel film prepared using Recipe 6-2.  

6.1.3 Antifoaming agents 

On the possibility that aerosolization of the precursor solution caused the CTAB to 

foam creating the large pore diameters, antifoaming agents were added to the precursor 
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solution to prevent the micelles from foaming. The effects of two different antifoaming 

agents were studied: tetrabutylammonium bromide and dimethylpolysiloxane.  

6.1.3.1 Tetrabutylammonium bromide 

Tetrabutylammonium bromide (TBAB) was chosen as an antifoaming agent in the 

CTAB-sol-gel system due its solubility in water.100 Recipe 5-9 was used as the base 

recipe for sol-gel films prepared using TBAB. Two solutions of 

MTES/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0.2 and pH 1.5 were prepared. TBAB 

was added to each solution at a concentration of 5 mM (Recipe 6-3) or 10 mM (Recipe 6-

4). The solutions were aged overnight at room temperature.  

 The sol-gel films containing TBAB as an antifoaming agent were similar in 

texture and appearance to the films prepared using Recipe 5-9. This similarity continued 

to the microscopic level, as shown in the SEM images in Figure 6.3. This indicates that 

the macropores are not formed as a result of the CTAB foaming or that the TBAB did not 

act as an antifoaming agent under the conditions studied. 
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Figure 6.3. SEM images of a sol-gel film prepared using Recipe 6-4. 

 

Separation of perylene and acridine was performed using 5:2 hexane/toluene in a 

saturated chamber. The sol-gel films were allowed to develop for 30 minutes. Figure 6.4 

shows that the separation was nearly identical on films prepared from Recipe 5-9, 6-3, 

and 6-4. 
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Figure 6.4. Separation of acridine and perylene on films prepared with TBAB. 

6.1.3.2 Dimethylpolysiloxane 

Dimethylpolysiloxane (DMPS) was chosen as an antifoaming agent in the CTAB-sol-gel 

system because it is a very widely used industrial antifoaming agent.101 As with the films 

prepared using TBAB, the base recipe for films containing DMPS was Recipe 5-9. Two 

solutions were prepared using MTES/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0.2 and 

pH 1.5. DMPS was added to the first solution at a concentration of 5 weight percent of 

CTAB (Recipe 6-5), and to the second solution at 10 weight percent of CTAB (Recipe 6-

6). The solutions were aged overnight at room temperature.  

The sol-gel films containing DMPS were similar in texture and appearance to the 

films prepared using Recipe 5-9. However, SEM of Recipes 6-5 and 6-6 as shown in 

Figure 6.6 and Figure 6.7 shows that the structure of these sol-gel films is different than 

that of Recipe 5-9. Recipe 6-5 has a dense inorganic network with an undefined porous 



196 

  

structure. The sol-gel film prepared using Recipe 6-6 has irregularly shaped pores, and 

the film appears to have a more two-dimensional structure than that seen in Recipe 5-9. 

The DMPS did change the structure of the sol-gel film, but it did not result in any 

mesoporous structure. It is unclear whether the addition of DMPS resulted in less 

foaming of the CTAB or if another mechanism occurred to change the morphology of the 

inorganic network. 

 Chromatographic evaluation of sol-gel films prepared using Recipes 6-5 and 6-6 

was performed by separating perylene and acridine for 30 minutes using 5:2 

hexane/toluene in a saturated developing chamber as shown in Figure 6.5. 

Chromatography on the film prepared using Recipe 6-6 was nearly identical to the 

chromatography on the film prepared using Recipe 5-9. However, the sol-gel film 

prepared using Recipe 6-5 had a faster solvent velocity (4.2 cm in 30 min) than the film 

prepared using Recipe 6-6 (2.5 cm in 30 min).  
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Figure 6.5. Separation of perylene and acridrine using 5:2 hexane/toluene on films 
prepared with DMPS. Development time was 30 min. 
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Figure 6.6. SEM images of a sol-gel film prepared using Recipe 6-5. 

 

Figure 6.7. SEM images of a sol-gel film prepared using Recipe 6-6. 
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The use of anti-foaming agents was a relatively simple method to determine if 

aerosol deposition caused the CTAB to foam. Unfortunately, the results were 

inconclusive. Although some change in the morphology of the films was observed, the 

addition of either TBAB or DMPS to the precursor solution did not result in a 

mesoporous film structure. The mechanism of the change could not be determined, and 

no further work was performed with the antifoaming agents because a recipe that gave 

very good chromatographic results was discovered. 

6.1.4 Other surfactants 

6.1.4.1 Anionic surfactant 

Initial experiments using SDS as the templating agent were-based on Recipe 5-9, 

but SDS was substituted for CTAB. A solution (Recipe 6-7) of MTES/MeOH/H2O/SDS 

at ratios of 1 : 20 : 7 : 0.2 and pH 1.5 was prepared and aged overnight at room 

temperature. The resulting sol-gel films were opaque, white, and slightly textured, and 

very similar in appearance to films made using CTAB as the templating agent.  

SEM images of Recipe 6-7 are shown in Figure 6.8. The inorganic network was 

much more dense compared to films prepared using CTAB. The film appeared to be 

composed of stacked porous sheets (perforated lamellar structure). The arrows in Figure 

6.8 show another porous sheet behind the sheet that is the focus of the image.  
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Figure 6.8. SEM images of Recipe 6-7. 

 

To move to a less lamellar structure in SDS-templated sol-gel films, two 

additional recipes were prepared with lower concentrations of SDS. Recipe 6-8 was 

prepared using MTES/MeOH/H2O/SDS at molar ratios of 1 : 20 : 7 : 0.07 and pH 1.5 

(Si/SDS = 15) and Recipe 6-9 was prepared using MTES/MeOH/H2O/SDS at molar 

ratios of 1 : 20 : 7 : 0.03 and pH 1.5 (Si/SDS = 30). The sol-gel films were slightly less 

opaque than the films prepared using Recipe 6-7. 

SEM images of Recipes 6-8 and 6-9 are shown in Figure 6.9 and Figure 6.10, 

respectively. Recipe 6-8 appears to have a perforated lamellar structure while no distinct 

structure is seen in Recipe 6-9. Once again, the inorganic network is very dense. 
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Figure 6.9. SEM images of a sol-gel film prepared using Recipe 6-8. 

 

Figure 6.10. SEM images of a sol-gel film prepared using Recipe 6-9. 

 

 The chromatographic performance of sol-gel films prepared using Recipes 6-7, 6-

8, and 6-9 was evaluated by separating perylene and acridine using 5:2 hexane/toluene in 

a saturated developing chamber. Figure 6.11 shows the resulting separations. For all three 

films, the solvent front migrated unevenly. The solvent front migration speed decreased 

at lower SDS concentrations, with solvent migration rates of 1.3, 0.33, and 0.19 cm/min 
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for Recipes 6-7, 6-8, and 6-9, respectively. Although the retention of acridine is constant 

for the different recipes, perylene is much more retained on the film prepared using 

Recipe 6-4 than on the other two recipes. 

 

Figure 6.11. Separation of acridine and perylene using 5:2 hexane/toluene as the mobile 
phase on SDS templated sol-gel films. 

6.1.4.2 Non-ionic surfactant 

Triton X-100 was investigated as a non-ionic surfactant templating agent. As with 

SDS, initial recipe development was-based on Recipe 5-9, which has a 5:1 Si/template 

ratio. Recipe 6-10 was prepared using MTES/MeOH/H2O/Triton X-100 at ratios of 1 : 20 

: 7 : 0.2 and pH 1.5 aged overnight at room temperature. The resulting sol-gel films were 

very sticky, and the sol-gel had beaded up in some areas. 

To create a more homogenous and less sticky sol-gel film, the amount of Triton-X 

in the precursor solution was reduced. Recipe 6-11 was prepared using 
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MTES/MeOH/H2O/Triton X-100 at ratios of 1 : 20 : 7 : 0.028 and pH 1.5 aged overnight 

at room temperature. Sol-gel films prepared using Recipe 6-11 were sticky after the first 

drying step at room temperature, but drying the films at 100 °C for 24 h resulted in non-

sticky films that were clear and glassy. The surface of the films was slightly textured. 

These sol gel films were unsuitable for chromatography because solvent could not be 

incorporated into the films. 

Figure 6.12 shows the SEM images of sol-gel films prepared from Recipe 6-11. 

Comparison of SEM images of films prepared with no template (Recipe 6-2, Figure 6.2) 

to the films prepared with Recipe 6-11 show a similar fracture pattern caused by scraping 

the films off the slide. The films prepared with Triton X-100 show no evidence of sol-gel 

templating. 
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Figure 6.12. SEM images of a sol-gel film prepared using Recipe 6-11.  

6.1.5 Urea template 

As an alternative to surfactant templating, urea has been successfully used to 

create mesoporous sol-gel films.102, 103 The recipe for urea templated sol-gel films was-

based on Recipe 5-9 which contains MTES/MeOH/H2O at ratios of 1 : 20 : 7 and pH 1.5. 

Urea was added at 10, 25, 50, and 100 weight percent of MTES (Recipes 6-12 through 6-

15, respectively). The solutions were aged overnight at room temperature prior to 

deposition.  

Films prepared using 10 weight percent urea (Recipe 6-12) were white with a 

very smooth, glassy surface. Solvent could be incorporated into the films, but 

demonstrated minimal migration. Films prepared using 25 and 50 weight percent urea 

(Recipes 6-13 and 6-14, respectively) had many cracks appear after drying and washing 

out the urea. In addition, as the sol-gel precursor solution was deposited, evaporation of 

the methanol caused the urea to crystallize out of solution. As a result of the 
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crystallization, the sol-gel film was patterned from templating around the oriented 

crystals. Due to the oriented nature of the films, they were not suitable for TLC. The 

films prepared using 100 weight percent urea (Recipe 6-15) were more opaque than the 

films prepared using CTAB and SDS as the templating agents and had a similar texture to 

the CTAB and SDS-based films. Solvent was easily incorporated into the films prepared 

from Recipe 6-15 and solvent fronts moved rapidly (approximately 1 cm/min) with no 

curvature. 

Figure 6.13 shows SEM images of films prepared using Recipe 6-12. As with the 

non-templated sol-gel film (Recipe 6-2), films prepared with Recipe 6-12 fracture into 

long, worm-like structures when the film is removed from the microscope slide. 

However, each of these structures contains many pores that appear to be smaller than 500 

nm in diameter on the surface of the pore. The pores shown on the side of a worm-like 

structure indicate that there may be some degree of interconnectivity between the pores, 

but the extent is unknown. 
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Figure 6.13. SEM images of a sol-gel film prepared using Recipe 6-12.  

 

SEM images of films prepared using Recipe 6-15 are shown in Figure 6.14. 

Although not visible to the naked eye, as with films prepared using Recipes 6-13 and 6-

14, the urea crystallized in an oriented fashion, and the sol-gel film was built around this 

crystal structure resulting in oriented sections of film. The interior of the sol-gel film has 

craters rather than pores.  
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Figure 6.14. SEM images of a sol-gel film prepared using Recipe 6-15.  

6.1.6 Polyethylene glycol template 

Polyethylene oxide (PEO) and polyethylene glycol (PEG) are chemically 

analogous polymers that have been extensively used to prepare porous sol-gels. A highly 

notable use of PEO templating is in the production of monolithic HPLC columns.90, 104 

The recipe for PEG templated sol-gel films was-based on Recipe 5-9 which contains 

MTES/MeOH/H2O at ratios of 1 : 20 : 7 and pH 1.5. PEG was added at 5, 10, and 20 

weight percent of MTES (Recipes 6-16 through 6-18, respectively). The solutions were 

aged overnight at room temperature prior to deposition.  

All of the sol-gel films prepared using PEG as the template molecule were sticky 

after drying overnight, but further drying in the oven resulted in a non-sticky film. The 

sol-gel films were glassy, colorless, and transparent after being washed in methanol. 

Films prepared using Recipe 6-18 (containing 20 weight percent PEG) had white, 
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“ribbon-like” structures in the film. All of the films prepared using a PEG template were 

unsuitable for chromatography because solvent did not migrate through the films. 

 Figure 6.15 shows SEM images of Recipe 6-17 (containing 10 weight percent 

PEG). No porosity is observed in the film, and, as with the non-templated film and Triton 

X-100 templated film, the sol-gel fractured into worm-like structures when it was 

removed from the microscope slide. The lack of porosity indicates that the PEG likely 

was dissolved in the precursor solution.  

 

 

Figure 6.15. SEM images of a sol-gel film prepared using Recipe 6-17.  

 

6.1.7 Mixed template recipes 

Based on the smaller pore size of the urea templated sol-gel films, experiments 

were performed using a mixed surfactant/urea template. The goal of these experiments 

was to create a hierarchical pore structure in which the larger pores from the surfactant 
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moved the solvent, while the smaller pores from the urea increased the surface area to aid 

in separation. The recipe for the mixed CTAB/urea templated films used Recipe 5-9 as a 

base recipe. Precursor solutions containing MTES/MeOH/H2O/CTAB at ratios of 1 : 20 : 

7 : 0.2 and pH 1.5 were prepared. Urea was added to these solutions in amounts ranging 

from 0.5–25 weight percent (relative to MTES). Table 6.1 lists the amount of urea used 

and the corresponding recipe name.  

Table 6.1. Amount of urea in designated recipes. 

Recipe Amount of Urea 
(weight percent of MTES) 

6-19 0.5 
6-20 1 
6-21 5 
6-22 10 
6-23 25 

 

 The sol-gel films were all white, opaque, and the surface was slightly textured. 

Recipes 6-22 and 6-23 showed a slight degree of inhomogeneity due to crystallization of 

the large amount of urea contained in the recipes. SEM was performed on films prepared 

from each recipe. Recipes 6-19 and 6-20 are shown in Figure 6.16 and Figure 6.17, 

respectively. The structure of these films is very similar to the structure seen in Recipe 5-

9, which does not contain urea.  
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Figure 6.16. SEM images of a sol-gel film prepared using Recipe 6-19. 
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Figure 6.17. SEM images of a sol-gel film prepared using Recipe 6-20. 

 

Recipe 6-21, containing 5 weight percent urea, has a very interesting structure. In 

analyzing the SEM images of films prepared from Recipe 6-21 shown in Figure 6.18, it 

should be noted that when the sol-gel film was removed from the microscope slide, the 

film came off as a sheet. As a result, when the film was mounted on the SEM stub, the 

side of the film in contact with the substrate was exposed to the air on the SEM stub. 

Overlapping the film on itself during mounting exposed the surface of the film for SEM 
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imaging. The images shown in Figure 6.18A and B likely are from the upper surface of 

the sol-gel film. Images C and D likely correspond to the surface of the film that was in 

contact with the microscope slide. These images confirm that the porosity extends 

through the depth of the film. The “tails” likely were attached to the silica in the 

microscope slide. Images E and F were taken of the interior of the film. From these 

images, the different planes that composed of the sol-gel are visible. The planes have 

pores indicating that the sol-gel dried in a perforated lamellar phase.  
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Figure 6.18. SEM images of a sol-gel film prepared using Recipe 6-21. 
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Figure 6.19. SEM images at different locations on a cross section of a sol-gel film 
prepared using Recipe 6-21. 

 

Figure 6.20 shows SEM images of the sol-gel film prepared using Recipe 6-22. 

Unlike most other films prepared using CTAB as a template, this film is not porous. It is 

likely that the presence of urea disrupted the self-assembly of CTAB during the sol-gel 

process.105, 106 
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Figure 6.20. SEM image of a sol-gel film prepared using Recipe 6-22. 

 

SEM images of sol-gel films prepared using Recipe 6-23 are shown in Figure 

6.21. The images show that as with the films prepared using Recipe 6-22, the high 

concentration of urea in Recipe 6-23 prevented the CTAB from forming ordered 

structures. Films from Recipe 6-23 appear to have a higher surface area than films from 

Recipe 6-22, with increasingly small channels being seen in Figure 6.21.  
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Figure 6.21. SEM images of a sol-gel film prepared using Recipe 6-23. 

 

Chromatographic evaluation of sol-gel films prepared using Recipes 6-19 through 

6-23 was performed by separating perylene and acridine for 30 minutes using 5:2 

hexane/toluene in a saturated developing chamber as shown in Figure 6.22. Table 6.2 lists 

the Rf values for acridine and perylene, the relative retention of acridine and perylene, α, 

and the solvent migration distance measured from the base of the plate. In cases where 
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the solvent front was U-shaped, the solvent front measurement was made to the lowest 

point.  

 

Figure 6.22. Chromatographic comparison of the separation of perylene and acridine 
using 2:1 hexane/toluene on mixed CTAB/urea templated sol-gel films. 

 

Table 6.2. Evaluation of the separation of perylene and acridine on mixed CTAB/urea 
templated sol-gel films. 

Recipe hRf acridine hRf perylene α Solvent front 
migration (cm) 

5-9 7 59 8 3.3 
6-19 7 46 7 2.2 
6-20 3 59 20 2.0 
6-21 7 61 9 6.2 
6-22 3 51 17 5.9 
6-23 7 54 8 4.0 

 

Separations performed on sol-gel films prepared using Recipes 6-21 and 6-22 

showed great improvement over the separation seen on films prepared using Recipe 5-9. 
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However, the lower capacity factors seen in the separation on the film prepared with 

Recipe 6-21 made Recipe 6-21 better than Recipe 6-22. In addition, Figure 6.18 shows 

that the film prepared with Recipe 6-21 has a structure composed of interconnected pores, 

while Figure 6.20 shows that the film prepared from Recipe 6-22 does not appear to be 

porous, but rather has channels through the film. As a result, the surface area of films 

prepared from Recipe 6-21 should be higher than the surface area of films prepared from 

Recipe 6-22. 

6.2 Chromatographic evaluation 

The chromatography test evaluations performed in the previous sections showed 

that the films prepared using CTAB + 5 wt% DMPS (Recipe 6-5) and CTAB + 5 wt% 

urea (Recipe 6-21) showed the best chromatographic performance. These recipes were 

chosen for further evaluation of their chromatographic characteristics. 

6.2.1 Porosity and surface area 

Unfortunately, circumstances dictated that porosity and surface area 

measurements could not be obtained.  

6.2.2 Theoretical plate measurement 

Theoretical plate height and plate number were measured by separating acridine 

and perylene using a mobile phase of 5:2 hexane/toluene. A solution containing perylene 
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(0.10 mg/mL) and acridine (0.21 mg/mL) in ethanol was prepared. An SGE 0.5 μL TLC 

sample deposition syringe was used to deposit 0.25 μL of the test solution on the sol-gel 

films. The spot size of the deposited samples was relatively large, with a diameter of 

approximately 2–3 mm, due to the low sample capacity of the films. The sol-gel films 

were developed for 30 minutes in saturated beakers. 

Table 6.3. Plate values for films prepared using Recipe 6-5. 

 hRf Plate height (H) (μm) Plate number (N) 
Sample Acridine Perylene Acridine Perylene Acridine Perylene

1 8 77 179 100 20 304 
2 9 78 200 70 19 491 
3 9 74 230 56 17 594 
       

average 9 76 203 75 19 463 
standard 
deviation 1 2 26 22 2 147 

% RSD 7 3 13 30 8 32 
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Table 6.4. Plate heights for films prepared using Recipe 6-21. 
 hRf Plate height (H) (μm) Plate number (N) 

Sample Acridine Perylene Acridine Perylene Acridine Perylene
1 14 77 284 36 24 1042 
2 12 78 141 33 46 1235 
3 11 74 258 40 22 982 
       

average 12 76 228 36 31 1086 
standard 
deviation 2 2 76 4 13 132 

% RSD 12 3 33 10 43 12 
 

Table 6.5. Comparison of plate height and plate number for perylene using several 
different stationary phases. 

 Plate height
(H) (μm) 

Average plate number 
(N) 

Recipe 5-9 144 191 
Recipe 6-5 75 463 
Recipe 6-21 36 1086 

TLC 40 1017 
HPTLC 21 2491 

 

Table 6.3 and Table 6.4 show the hRf values, theoretical plate height and plate 

number for acridine and perylene on sol-gel films prepared from Recipes 6-5 and 6-21, 

respectively. Table 6.5 is an update to Table 5.14 comparing the theoretical plate height 

and plate number for perylene separated on sol-gel films prepared from Recipes 5-9, 6-5, 

and 6-21, and on TLC and HPTLC plates. The results show that the faster solvent 

migration seen on films prepared from Recipes 6-5 and 6-21 does give improved 

theoretical plate values. The theoretical plate values measured on films prepared with 

Recipe 6-21 are equivalent to those seen on commercial TLC plates.  
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6.2.3 Solvent migration 

The linearity of solvent migration in a saturated beaker was determined for sol-gel 

films prepared using Recipe 6-21 using methanol, acetonitrile, and hexane using the 

procedure describe in Section 5.2.3.1.  

 Figure 6.23 shows the observed solvent migration with a line showing how the 

observed results compare to predicted ideal migration. Methanol and acetonitrile 

exhibited flat solvent fronts with curvature. However, after developing for 30 and 40 

minutes, the downward curve of the acetonitrile and methanol solvent migration indicated 

the solvent was vaporized from the stationary phase. Hexane demonstrated linear solvent 

migration that corresponds to predicted behavior; however, there was slight condensation 

of hexane vapor on the edges of the sol-gel film, causing the solvent front to be U-

shaped.  
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Figure 6.23. Solvent migration on films prepared using Recipe 6-20. 

 

Comparison of the solvent migration speed in films prepared using Recipe 5-9 

(Figure 5.20) and Recipe 6-21 shows several significant differences. Solvents migrated 

faster in the films prepared using Recipe 6-21, and were able to migrate the full length of 

the film. On films prepared using Recipe 5-9, the solvent only migrated approximately 

2/3 of the length of the plate before stalling. 

6.2.4 Separations 

Sol-gel films prepared using Recipe 6-21 were used to perform several 

chromatographic separations on several different classes of compounds. Polycyclic 

aromatic hydrocarbons (PAHs) were separated using a mobile phase of 9:1 
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toluene/hexane for 20 min. Although an image is not available, Figure 6.24 shows a 

sketch of the separation. The linear PAHs, anthracene, 2,3-benzanthracene, and 

pentacene were baseline resolved. Benzo[a]pyrene coeluted with anthracene, and 1,2:5,6-

dibenzanthracene tailed over the full length of its migration. Table 6.6 lists the hRf values 

of the linear PAHs and their length/breadth (L/B) ratios.  

 

 

Figure 6.24. Separation of PAHs on a sol-gel film prepared using Recipe 6-21. The plate 
was developed in a mobile phase of 9:1 toluene/hexane for 20 min. 
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Table 6.6. Separation of PAHs using 9:1 toluene/hexane with 20 minute developing time. 

Analyte hRf L/B107

2,3-benzanthracene 0 1.90 
Pentacene 26 2.23 
1,2:5,6-dibenzanthrecene1 46 1.79 
Benzo[a]pyrene 59 1.49 
Anthracene 64 1.57 

1 – significant tailing  
 

The separation mechanism for PAHs in reverse phase liquid chromatography is-

based on their length to breadth (L/B) ratio and their planarity. In general, as the L/B ratio 

increases, the retention time increases and non-planar PAHs elute earlier than their planar 

analogues.108 All of the above PAHs are planar,109, 110 so their L/B ratio can be used to 

determine if the separation on the MTES-based sol-gel stationary phase fits the separation 

model used for reverse phase liquid chromatography.-based on the model, the analytes 

with the lowest L/B ratio would be expected to migrate the least distance. However, for 

the three linear PAHs, anthracene (L/B  =  1.57) migrated the farthest, pentacene (L/B of 

2.22) had an intermediate migration distance, and 2,3-benzanthracene (L/B of 1.90) did 

not migrate at all. 

It is not suprising that the separation of PAHs on the sol-gel-based stationary 

phase does not fit the model of reverse phase separation. The model is-based on C18 

stationary phases in which the adjacent C18 groups act as “slots,” and the PAHs that fit 

best within these slots are more retained. The C1 groups on the sol-gel-based stationary 

phase allow for much more chemical interaction rather than physical interaction, such as 

with the “slot” model, to occur.108 
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A 50:1 acetone:MeOH mobile phase was used to separate dyes. The methanol 

modifier was necessary because methylene blue was highly retained on the film when a 

100% acetone mobile phase was used. Figure 6.25 shows that cresol red and 2-

indophenol were separated from methylene blue and crystal violet.  

 

Figure 6.25. Separation of dyes using a 50:1 acetone/MeOH mobile phase. 

 

Figure 6.26 shows the separation of fluorene dyes, rhodamine B and rhodamine 

6G, using a mobile phase of 100% acetone. The plate was developed for 20 minutes. 
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Figure 6.26. Separation of rhodamine B and rhodamine 6G using 100% acetone as the 
mobile phase. 

 

The above separations demonstrate the potential of using a sol-gel film to perform 

TLC.  

6.3 Conclusion 

In order to create a sol-gel film with mesoporous structure, different templating 

agents and antifoaming agents were examined. An MTES precursor solution that did not 

contain any templating agents was deposited using the aerosol deposition system. SEM of 

the resulting film showed no visible pores indicating that the macroporous structure seen 

in Recipe 5-9 was linked to the CTAB. 
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 To test the hypothesis that the aerosol deposition was causing CTAB to foam and 

creating much larger pores than expected with the CTAB template, antifoaming agents 

were added to the precursor solution.  Addition of TBAB at 5 and 10 mM had no 

noticeable effect on the structure of CTAB templated sol-gel films. Additon of DMPS at 

5 and 10 wt% to the precursor solution did alter the structure of the CTAB templated sol-

gel films. At 5 wt%, the porous structure is similar to that seen in films prepared using 

Recipe 5-9, but the solvent migration velocity is faster.  

Anionic (SDS) and nonionic (Triton X-100) surfactants were used as templating 

agents to compare the porous sol-gel structure to that obtained using a cationic surfactant 

(CTAB). Templating using an anionic surfactant, SDS, gave a film that had a dense 

inorganic network and poor solvent migration properties. Films prepared using a nonionic 

surfactant, Triton-X-100, were sticky with irregular features, appeared to be nonporous 

and solvent could not be incorporated into the film.  

Porous films could be created using 10 wt% urea as the templating agent, with 

pores that were smaller than those observed when CTAB was used as the templating 

agent. At higher concentrations of urea, evaporation of the solvent during deposition 

caused the urea to crystallize and the sol-gel templated around the crystals creating an 

oriented film. Although solvent could be incorporated into the porous films created with 

10 wt% urea, solvent migration was very slow.  

Films templated with PEG at 5, 10, and 20 wt% were not suitable for 

chromatography because solvent could not be incorporated into the film. SEM of the film 
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prepared using 10 wt% PEG shows the structure is nonporous and looks very similar to 

the film prepared without any templating agents. 

 The effect of a mixed CTAB/urea template was examined to determine if a 

hierarchical pore structure could be made. Sol-gel films containing a highly 

interconnected porous network and demonstrating excellent solvent migration were 

obtained using a recipe of MTES/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0.2 

containing 5 wt% urea (relative to MTES) at pH 1.5 aged overnight at room temperature 

prior to deposition. Following deposition, the sol-gel films were dried at room 

temperature overnight, followed by drying at 100 °C for 24 h (Recipe 6-21). 

 Sol-gel films prepared using CTAB + 5 wt% DMPS and CTAB + 5 wt% urea 

were both suitable for performing thin layer chromatography. The efficiency of these 

films was measured, and the plate height of the film prepared using CTAB + 5 wt% 

DMPS was 75 μm while the plate height of the film prepared using CTAB + 5 wt% urea 

was 36 μm, which is comparable to that of commercial TLC plates. Films prepared using 

a CTAB + 5 wt% urea template (Recipe 6-21) were used to separate PAHs, dyes, and 

fluorene dyes. 
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7 DEVELOPMENT ON NON-METHYL SUBSTITUTED, THICK SOL-GEL 
FILMS FOR THIN LAYER CHROMATOGRAPHY 

Although the MTES-based sol-gel films did demonstrate the ability to perform 

TLC separations, its methyl-based stationary phase made it difficult to tailor separations. 

The highly hydrophobic films made it impossible to use water in the mobile phase which 

meant that the typical mobile phase used in reverse phase chromatography, consisting of 

water and an organic solvent, could not be used. The ratio of water to solvent controls the 

solvent strength with higher concentrations of organic solvent giving higher solvent 

strength, while the choice of organic solvent controls the selectivity.11  An additional 

complication was the short chain length (C1) on the sol-gel-based film. In reverse phase 

chromatography, longer alkyl chain lengths give increased retention and improved 

selectivity.111, 112   

In this chapter, several methods were explored to determine if the MTES-based 

sol-gel film could be modified to reduce the hydrophobicity. Both oxidation using a 

piranha solution (70/30 v/v% sulfuric acid:hydrogen peroxide) and thermal oxidation 

followed by rehydroxylation were evaluated. 

 In addition, alternate precursor organosilanes, including tetraethoxysilane 

(TEOS), mixed TEOS/MTES, octyltriethoxysilane (C8-TrEOS), and 

aminopropyltriethoxysilane (APTS) were explored to determine if they could be used to 

create sol-gel films more suitable for TLC, either through increased compatibility with an 

aqueous mobile phase or through better retention and selectivity characteristics. 
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Please refer to Appendix A for a key to recipe names, ingredients, and processing 

details. 

7.1 Modifications to an MTES-based stationary phase to improve 
chromatography 

Thin layer chromatographic separations using Recipe 4-19 were very difficult to 

accomplish due to the high degree of hydrophobicity of the films, as demonstrated by the 

contact angle measurements in Section 4.2.2. The films were not wettable by water 

containing mobile phases which let to very slow solvent migration and limited choice of 

solvents for the mobile phase. Several methods to reduce the hydrophobicity of the sol-

gel film by altering the film chemistry were attempted. 

7.1.1 Oxidation with piranha 

The first method tested for creating a film for normal phase chromatography was 

oxidizing the sol-gel films with piranha to remove the methyl groups. A solution of 7:3 

H2SO4/H2O2 was prepared, and a sol-gel film made using Recipe 4-19 was placed in the 

piranha solution for 24 h. When the sol-gel film was removed from the piranha, the film 

appeared to be dry and excess piranha was beaded up on the film surface. The film was 

washed 3 times in MeOH and dried for 24 h at 100 °C.  When the film was cooled, a drop 

of DI H2O was placed on the surface, where it beaded up rather than soaking into the 

film, indicating that the methyl groups remained in the sol-gel film. The DRIFTS 
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spectrum shown in Figure 7.1 shows the C-H bands around 2900 cm-1 were still present 

indicating the piranha treatment did not oxidize the methyl groups. 

 

 

Figure 7.1. DRIFTS spectra of an untreated sol-gel film prepared using Recipe 4-19 and 
the same film after treatment for 20 h in a pirahna solution. 

 

7.1.2 Effects of thermal treatment 

Thermal treatment was tested to find the temperatures for dehydroxylation and 

demethylation. Films prepared using Recipe 4-19 were heated in a muffle furnace for 24 

h at 300, 400, 500, or 600 °C. DRIFTS was performed on these samples and on a film 

that was dried at 100 °C. Figure 7.2 shows the spectra of the samples, and major peaks 

are identified in Table 7.1. 
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Figure 7.2. DRIFTS spectra of sol-gel films thermally treated at different temperatures 
for 24 h. 
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Table 7.1. Infrared peak assignments for thermally dehyroxylated and demethylated sol-
gels prepared using Recipe 4-19. 

Peak position (cm-1) Band assignment1 100 °C 300 °C 400 °C 500 °C 600 °C 
ν (OH)113 3730–3225 3854–3450 3745–3684 3800–3570 3730–3600
νas (C-H)113 2972 2972 2972 2972 ND 
νs (C-H)113 2914 2914 2914 2914 ND 
δas (C-H bend)113 1412 1408 1409 1409 ND 
δs (C-H bend)113 1275 1272 1272 1272 ND 
νas (Si-O-Si)113 1115 1128 1131 1147 1180 
νas (Si-O-Si)113 1032 1035 1036 1047 1098 
νas (Si-OH)113 923 ND ND ND ND 
ρ (-CH3)113 858 858 854 850 ND 
νs (Si-O-Si)114 ND ND ND ND 808 
ρ (-CH3) +  
νas (C-SiO)113 768/780 769/782 769/783 782 ND 

νs (C-SiO)113 679 681 684 688 ND 
1ν = stretch, δ = bend, ρ = rock, ND = not detected 
 

Comparison of the spectra shows the occurrence of three different processes: 

dehydroxylation of the sol-gel film, demethylation of the film, and decreasing porosity. 

The film dried at 100 °C has a large band between 3225–3730 cm-1 indicative of OH 

stretching and hydrogen bonding. This includes Si-OH species and water adsorbed onto 

the film. As the films are heated, the adsorbed water is removed, followed by the 

hydroxyl groups, and the IR spectra show the hydroxyl band getting smaller as the 

temperature increases.  

Demethylation of the sol-gel films occurs between 500–600 °C. Peaks at 2972, 

2914, 1412, and 1275 cm-1 are due to stretching and bending of C-H in the methyl group, 

and these peak positions remain constant as the sol-gel is heated. As the sol-gel film is 
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heated above 500 °C, Si-CH3 is oxidized to Si-OH, which proceeds to crosslink forming 

Si-O-Si.115  

The asymmetric Si-O-Si bands are located at 1032 and 1115 cm-1 for the film 

dried at 100 °C, but shifted to 1098 and 1180 cm-1 as the drying temperature was 

increased to 600 °C. The presence of two asymmetric Si-O-Si bands indicates that the gel 

network is composed of long Si-O-Si chains rather than short chains.113 The band 

location is influenced by the stoichiometry, porosity and density of the sol-gel film.116 In 

this case, the Si-OH groups formed by the oxidation of Si-CH3 crosslink to form Si-O-Si. 

The crosslinking densifies the sol-gel network leading to the shift of the asymmetric Si-

O-Si bands to higher wavenumbers.115, 117, 118  

SEM analysis was performed on samples dried at 100 and 600 °C. SEM images 

are shown in Figure 7.3. Comparison of the two samples shows that sintering occurred on 

the sample heated to 600 °C. Although the sintering causes a loss of surface area on the 

sol-gel film, making the film less useful as a chromatographic surface, further studies 

were done to see if the film could be hydroxylated to serve as a normal phase for 

chromatographic separations. 
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Figure 7.3. SEM images of Recipe 4-19 dried at 100 °C (left image) and 600 °C (right 
image). 

 

7.1.3 Rehydroxylation 

Several methods were evaluated to determine if the sol-gel films could be 

rehydroxylated after they had been thermally treated at 600 °C for 24 h to remove 

hydroxyl and methyl groups.The first method evaluated was soaking heat treated sol-gel 

films in 0.1 M NaOH for 24 h.119 The next method tested was refluxing the samples in DI 

H2O for 5 h.120 The final method evaluated was refluxing the samples in 18% HCl.75 This 

was performed for 5 h and 48 h.  

After the samples were soaked or refluxed, they were washed 3 times in DI H2O, 

followed by drying for 24 h at 100 °C. No significant rehydroxylation occurred, as shown 
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in Figure 7.4 by the lack of growth of the OH vibration in the 3200-3800 cm-1 region. 

This result is explained by Boudreau who indicates that rehydroxylation is only reversible 

when dehydroxylation occurs between 200–400 °C. Above 400 °C, sintering occurs that 

causes the siloxane backbone to rearrange into a more stable form that cannot be 

rehydroxylated.121 
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Figure 7.4. DRIFTS spectra of sol-gel films following attempted rehydroxylation.  
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7.2 Other precursor organosilanes 

7.2.1 TEOS precursor 

The use of tetraethoxyorthosilane (TEOS) was investigated for the creation of a 

normal phase sorbent for TLC. Thick sol-gel films were prepared from a TEOS precursor 

using preparation methods similar to those previously described to prepare thick MTES-

based sol-gel films. The TEOS films demonstrated severe cracking and peeled away from 

the substrate as shown in Figure 7.5.  

 

Figure 7.5. A TEOS-based sol-gel film (left) shows extreme cracking and peeling away 
from the substrate. The MTES-based sol-gel film on the right is free of cracks and can 
not be easily removed from the substrate. 
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In thick films, the solvent evaporates from the exterior of the film creating a 

pressure gradient in the liquid within the sol-gel. The pressure gradient of the liquid 

within the film causes differential shrinkage of the sol-gel network which leads to 

cracking.44 The sol-gel network in the TEOS-based sol-gel films is rigid because the Si 

can bond in 4 places. As a result, these films crack during drying. In MTES-based sol-gel 

films, the Si can only bond in 3 places, which gives the sol-gel network a degree of 

freedom to accommodate the strain caused by differential shrinkage and prevent 

cracking. In addition, for the sol-gel films studied in previous chapters, CTAB templating 

created large pores that helped to alleviate the stress of the differential shrinkage. 

Drying control chemical additives (DCCAs) have been used to prevent cracking 

in sol-gels. Common DCCAs are formamide and N,N-dimethylformamide (DMF). 

DCCAs reduce the differential drying stress on pores that causes the cracking by creating 

a more uniform pore size and by minimizing differential rates of evaporation of 

solvent.44, 122  

Table 7.2 illustrates the matrix approach used to develop a recipe for TEOS-based 

sol-gel films that utilized DMF as a DCCA. In the first round of recipe development, the 

water ratio (Rw) and ratio of silica to DMF were varied. The base recipe consisted of 

TEOS/MeOH/CTAB/H2O/DMF at molar ratios of 1 : 20 : 0.2 : x : y, where x was the 

molar ratio of H2O ranging from 0.5–10 and y was the molar ratio of DMF which ranged 

from 0.625–5. The pH of the sol-gel solution was 1.0, and the solution was aged for 24 h 

at 60 °C prior to deposition. Recipes 7-2, 7-3, and 7-4 gelled in less than 24 h so these 

recipes were aged for only 12 h prior to deposition. After deposition, the sol-gel films 
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were dried 48 h at ambient conditions. The drying procedure was gentler than that used 

for MTES-based films (12 h at ambient followed by 24 h at 60 °C) in order to slow down 

the solvent evaporation to prevent the films from cracking.  

The films were then washed 3 times in MeOH.  

Table 7.2. Table showing the matrix development of a TEOS-based stationary phase. The 
base recipe consists of TEOS/MeOH/CTAB/H2O/DMF at molar ratios of 1 : 20 : 0.2 : x : 
y, where x is the molar ratio of H2O and y is the molar ratio of DMF. The pH of the sol-
gel solution was 1.0, and the solution was aged for 24 h at 60 °C prior to deposition. 

Rw Si:DMF 
0.5 4.0 7.0 10.0 

 

7-1 7-2 7-3 7-4 Recipe number 
DNG1 25 <22 25 Gelation time (h) 
0.62 0.69 0.65 0.58 Peak height ratio 

1:1 

none high high medium Post-wash stability2 
7-5 7-6 7-7 7-8 Recipe number 

DNG1 31 31-45 31-45 Gelation time (h) 
0.52 0.32 0.28 0.25 Peak height ratio 

2:1 

none high low low Post-wash stability2 
7-9 7-10 7-11 7-12 Recipe number 

DNG1 45-70 45-70 70-144 Gelation time (h) 
0.48 0.37 0.24 0.24 Peak height ratio 

4:1 

none low medium medium Post-wash stability2 
7-13 7-14 7-15 7-16 Recipe number 

DNG1 70-144 144-168 168-192 Gelation time (h) 
0.49 0.27 0.23 0.22 Peak height ratio 

8:1 

none medium medium medium Post-wash stability2 
1 DNG – Sample did not gel over a 2 week period. 
2Post-wash stability none  =  Film washed off in MeOH bath. 

low  =  Significant loss of film in MeOH bath. 
medium  =  Moderate loss of film in MeOH bath. 
high  =  No loss of film in MeOH bath. In addition, film did not 
flake when a finger was run over the surface; however, placing 
Scotch Tape on the film and then removing the tape would remove 
the film. 
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 A 500 μL aliquot of each sample was placed in a 2 mL septum cap vial and aged 

at 60 °C to measure gelation time. Table 7.2 shows the gelation time for each sample. 

Recipes 7-1, 7-5, 7-9, and 7-13 did not gel because the Rw was too low to allow the sol-

gel reaction to proceed to completion. For the other recipes, the gelation times increased 

as Rw increased and the concentration of DMF decreased.   

Figure 7.6 is a photograph of the sol-gel films after being dried after deposition, 

but prior to washing out the CTAB. The films made using Recipes 7-10, 7-11, 7-12, 7-14, 

7-15, and 7-16 were glassy and solvent could not be incorporated into the film. 

Additionally, the films made using Recipes 7-3, 7-4, 7-7, and 7-8 were inhomogeneous 

after drying, making them unsuitable for TLC. Table 7.2 shows that films prepared using 

Recipes 7-1, 7-5, 7-9, and 7-13 were unstable and washed off the substrate. The 

remaining films, prepared using Recipes 7-2 and 7-6, were homogeneous and could take 

up solvent, but cracked within 1 week. 
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Figure 7.6. Photograph of TEOS films following deposition. Films from Recipes 7-2, 7-3, 
and 7-4 are inset from another photograph. 
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SEM images were taken for films prepared with a Si:DMF ratio of 1 and for films 

with an Rw of 4. The images are shown in Figure 7.7 and arranged to match the recipe 

matrix with Rw increasing from left to right and DMF concentration increasing from 

bottom to top. All of the samples prepared at a Si:DMF ratio of 1 appear to have 

templated around crystallized CTAB. The film prepared at Si:DMF ratios of 4 and 8 and 

an Rw of 4.0 appear to have interior porous structure but the surface of both films appears 

nonporous. This corresponds with the observation that the films appeared glassy and 

solvent could not be incorporated into the film. The film prepared at a Si:DMF ratio of 2 

and an Rw of 4.0 has porous structure. The nature of the film surface is unknown, but 

assumed to be porous because solvent could be incorporated into the film. 
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Figure 7.7. SEM images of sol-gel films prepared using a TEOS precursor. 

 

A higher concentration of DMF in the precursor solution was tested to see if it 

would eliminate the film cracking. A solution of TEOS/MeOH/CTAB/H2O/DMF at 

molar ratios of 1 : 20 : 0.2 : 7 : 2 and pH of 1.0 was prepared and aged for 24 h at 60 °C 
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prior to deposition (Recipe 7-17). After deposition, the sol-gel films were dried 48 h at 

ambient conditions.  

One film was placed in a MeOH bath to wash out the CTAB, and the film 

immediately cracked. In an effort to prevent cracking, an additional drying step was 

added, and the remaining films were placed in an oven with a temperature ramp of 0.1 

°C/min from 25–100 °C. The films were dried at 100 °C for 10 h. After the films were 

removed from the oven and cooled, they were washed in MeOH. Immediately post-wash, 

the films were crack-free and demonstrated good solvent migration for TLC, but within a 

week, cracks appeared in the films so they were not suitable for chromatography. 

7.2.2 Mixed TEOS/MTES precursor 

 In order to lower the methyl concentration in the MTES-based sol-gels, and to 

work around the cracking issues seen in TEOS-based sol-gels, mixed TEOS/MTES sol-

gel films were prepared. The recipe and preparation was-based on Recipe 5-9, which 

made stable, homogenous MTES-based films. Sol-gel solutions were prepared consisting 

of Si/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0.2 and pH 1.5. The silica was provided 

as the following percentages of TEOS in MTES as shown in Table 7.3. The sol-gel 

solutions were aged for 16 h at 25 °C prior to deposition. After deposition, the sol-gel 

films were dried overnight at ambient conditions. This was followed by drying at 100 °C 

for 24 h and washing the films 3 times in MeOH. 
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Table 7.3. Percentage of TEOS and MTES in Recipes 7-18 through 7-24. 

Recipe Mol% TEOS Mol% MTES
7-18 100 0 
7-19 90 10 
7-20 75 25 
7-21 50 50 
7-22 25 75 
7-23 10 90 
7-24 5 95 

 

 Prior to washing the sol-gel films in MeOH, all the films were stable and could 

not be rubbed off the glass substrate. However, after washing the films, Recipes 7-18 

through 7-22 were easily brushed off the glass substrate. Recipes 7-23 and 7-24 were 

stable after being washed; however, they were not suitable for chromatography because 

they did not carry a solvent front.  

 Recipe 7-21 was modified to determine if aging the sample at 60 °C prior to 

deposition would give a more stable film. The new recipe, Recipe 7-25, consisting of a 

sol-gel solution containing Si/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0.2 and pH 1.5 

was aged for 16 h at 60 °C. The Si content was a 1:1 ratio of TEOS/MTES. After 

deposition, drying, and washing, the films prepared using Recipe 7-25 were not stable 

and could easily be brushed off the microscope slide. 

7.2.3 Sol-gel films with C-8 functionality 

An octyl group was chosen to be examined as a modification on the sol-gel films 

because the longer chain length would offer improved retention and selectivity over the 

methyl group of MTES.111, 112  
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7.2.3.1 Octyltriethoxysilane (C8-TrEOS) precursor 

A sol-gel solution consisting of Si/MeOH/H2O/CTAB at ratios of 1 : 20 : 4 : 0.2 

and pH 1.0 was prepared (Recipe 7-26). The silica was provided as 1:1 TEOS/C8-TrEOS. 

The sample was aged 24 h at 60 °C prior to deposition. After deposition and drying 

overnight at ambient conditions, the sol-gel films were greasy. The films remained greasy 

following further drying at 60 °C for 24 h.  

To reduce the greasiness of C8-TrEOS-containing sol-gel films, the ratio of 

TEOS/C8-TrEOS was adjusted to 19:1. A sol-gel solution consisting of 

Si/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0.2 and pH 1.0 was prepared. The sample 

was aged 20 h at 60 °C (Recipe 7-27). After deposition, the sol-gel films were dried for 2 

weeks at ambient conditions. This was followed by drying at 100 °C for 24 h and 

washing the films 3 times in MeOH. After being washed and dried, the films had a 

speckled appearance due to spots approximately 1 mm in diameter of different refractive 

index from the film. Due to the inhomogeneity of the film, no further analysis was 

performed. 

7.2.3.2 Endcapping an MTES-based sol-gel film 

An MTES-based sol-gel film was endcapped with C8-TrEOS to get a 

homogenous distribution of the C8-TrEOS. A film prepared using Recipe 4-19 was 

refluxed for 24 h in a solution of 3% (v/v) dichloromethyloctylsilane in dried toluene. 

The CH2 peaks at 2925 and 2855 cm-1 in the DRIFTS spectra shown in Figure 7.8 
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indicate that C8-TrEOS was successfully added to the film, but as with the aerosol 

deposited film, the endcapped film had a speckled appearance.  

 

 

Figure 7.8. DRIFTS spectra of films prepared using Recipe 4-19 and Recipe 4-19 with 
C8-TEOS endcapping. 

 

In both cases, the spots are likely due to an aggregation of the C8-TrEOS.  Jordon 

et al.123 have reported a heterogeneous distribution of C8 moieties in spin coated and 

aerosol deposited films, with the segregation being more pronounced in the aerosol 

deposited films. In Jordan’s work, the films exhibited much higher concentrations of C8 

on the surface of the films, indicating a redistribution of the C8-TrEOS during the film 

formation. This phenomenon could explain the “greasy” spots seen on the surface of 

films prepared with a mixture of C8-TrEOS/TEOS. 
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7.2.4 Sol-gel films with aminopropyl functionality  

An aminopropyl functional group was chosen to be examined as a modification on 

the sol-gel films because the aminopropyl functional group would provide a more 

hydrophilic stationary phase than seen with films prepared using MTES. 

7.2.4.1 Aminopropyltriethoxysilane (APTS) precursor 

The use of aminopropyltriethoxysilane (APTS) as a precursor in order to make a 

stationary phase was explored. A sol-gel solution consisting of APTS/MeOH/H2O/CTAB 

at ratios of 1 : 20 : 7 : 0.2 and pH 1.0 was prepared (Recipe 7-28). The sample was aged 

20 h at 60 °C prior to deposition. After deposition, the sol-gel films were dried for 2 

weeks at ambient conditions. This was followed by drying at 100 °C for 24 h and 

washing the films 3 times in MeOH. The films were mechanically stable, opaque, and 

homogeneous in appearance. 

The APTS stationary phase was used to separate crystal violet, methylene blue, 

and cresol red. A mobile phase of 100% acetonitrile was suitable for separation of the 3 

compounds. An organic mobile phase was used because method development of the 

separation of these compounds showed that the APTS stationary phase was incompatible 

with water-containing mobile phases. Water caused the film to swell and fall off the glass 

substrate. Further drying of the film was performed at 125, 150, and 200 °C. These 

temperatures all caused the sol-gel film to turn brown after approximately 3 h, and the 

film still fell off the glass when exposed to water. The separation is shown in Figure 7.9. 
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Figure 7.9. Separation of cresol red, methylene blue, and crystal violet using 100% ACN 
on an APTS stationary phase. The sol-gel film was scanned on an HP flatbed scanner and 
the colors were inverted for presentation. 

 

7.2.4.2 Endcapping an MTES-based sol-gel film 

Endcapping an MTES-based sol-gel film with APTS was performed to try to 

make a film that was stable in the presence of water. A film prepared using Recipe 4-19 

was refluxed for 20 h in a solution of 3% (v/v) APTS in dried toluene. The resulting film 

was cracked, and the surface could not be wetted with water. 

7.3 Conclusion 

In order to make a sol-gel film that could perform thin layer chromatographic 

separations using aqueous mobile phases, both modifications to MTES-based stationary 
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phases and the use of different precursor molecules were explored to create less 

hydrophobic films. 

 Attempts were made to reduce the hydrophobicity of an MTES-based stationary 

phase by oxidizing the methyl group. Pirahna oxidation was unsuccessful. Thermal 

oxidation successfully removed the methyl groups at temperatures of 500–600 °C; 

however, the hydroxyl groups were removed at 300 °C, leaving no substituents to interact 

with analytes to allow for differential migration. Rehydroxylation of the sol-gel films was 

unsuccessful.  

Attempts were made to create sol-gel films that would provide better separations 

than the MTES-based films, either through the use of an aqueous mobile phase or by 

providing improved retention and selectivity. The first system studied used 100% TEOS 

for the organosilane and DMF was added as a DCCA to slow the drying rate to limit film 

cracking. The ratio of Si/DMF was varied from 1:2 to 8:1 while the Rw values were 

varied from 0.5 to 10. Use of the DCCA slowed the formation of cracks; however, none 

of these combinations yielded a film that remained crack-free.  

The next system studied used a mixture of MTES and TEOS as the organosilane 

precursors. A recipe that created a mechanically stable film that could also incorporate 

solvent into the sol-gel film was not discovered. 

The use of C8-TrEOS as both a precursor organosilane and as an endcapping 

agent on MTES-based films was studied. As a precursor organosilane in the aerosol 

deposition setup, high concentrations of C8-TrEOS resulted in very greasy films, while 

lower concentrations made films that were speckled in appearance, presumably due to the 
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aggregation of C8-TrEOS. Endcapping MTES-based sol-gel films with C8-TrEOS also 

gave films where the C8-TrEOS aggregated. 

The final organosilane studied was APTS. As with the C8-TrEOS, both aerosol 

deposition and encapping were performed using APTS. Aerosol deposition gave a sol-gel 

film that was stable in organic solvents, but collapsed in the presence of water. This film 

was used to separate crystal violet, methylene blue, and cresol red using 100% 

acetonitrile as the mobile phase. Endcapping an MTES-based sol-gel film with APTS 

resulted in a film that was cracked and the surface could not be wetted with water. 
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8 INFRARED SPECTROSCOPIC DETECTION OF ANALYTES ON SOL-GEL 
FILMS 

The work in the previous chapters demonstrated the creation of sol-gel films 

suitable for TLC. This chapter explores the use of these films with in situ infrared 

detection of the separated analytes.  

Infrared detection of analytes applied to the sol-gel films was performed using 

both single point and imaging detection. Single point analysis was used to evaluate the 

feasibility of performing qualitative analysis with library matching and quantitative 

analysis. Imaging analysis demonstrated the ability of an imaging IR system to provide 

both spatial and spectroscopic information of analytes on a sol-gel-film-based TLC plate.  

8.1 Single beam infrared analysis 

8.1.1 Substrate material 

The choice of substrate material for the sol-gel films used in infrared analysis was 

very important. The ideal substrate is insoluble in water and solvents, has a transmittance 

range covering the mid-IR region (2.5–14.9 microns),124 is available in sizes suitable to 

perform chromatography, and is inexpensive. The borosilicate microscope slides used for 

film deposition during recipe development of the sol-gel films was not a suitable 

substrate for IR analysis of analytes on the sol-gel film due to its transmission range of 

0.25–2.75 microns.125 Silicon was chosen as the substrate material for films to be 
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analyzed in the IR because of its transmission range of 1.2–10 microns126and its 

availability in sizes suitable for TLC plates.  

 There are several different methods for growing silicon ingots from which wafers 

are made, the Czochralski (CZ) process and the float-zone process. Silicon grown by the 

CZ process contains oxygen impuries which create an absorption band at 9 μm. The 

float-zone process produces crystals with fewer impurities and improved transmission 

properties, making the float-zone grown silicon a better choice for optical applications. 

Boron and phosphorus doping further improve the transmission properties of silicon 

grown using the float-zone process.127 

The silicon wafers used for this research were obtained from Raytheon in Tucson, 

AZ. These wafers were 100 mm in diameter, and were cut to provide several substrates 

that were approximately 20 × 60 mm. While these wafers were not suitable for 

microelectronics fabrication, they had the desired optical properties for infrared 

transmission. Figure 8.1 shows the transmittance spectrum of one of the silicon wafers 

obtained from Raytheon. The spectrum shows that the silicon has a broad, flat 

transmission range of 4000–1500 cm-1. There are some small absorbances from 1500–

900 cm-1, but these did not interfere with the spectroscopic analysis of sol-gel-film-based 

TLC plates. The high refractive index of silicon, 3.4 at 5 microns,126 results in large 

reflection losses leading to the low transmittance seen in Figure 8.1. 
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Figure 8.1. IR transmittance spectrum of a Si wafer obtained from Raytheon. 

 

8.1.2 Qualitative analysis 

Qualitative analysis of nitrophenols was performed using tetramethoxysilane 

(TMOS)-based sol-gel films deposited on silicon. A TMOS sol-gel film was prepared 

using a solution of TMOS/MeOH/H2O/CTAB at ratios of 1 : 21 : 1.3 : 0.2 and pH 0.5. 

The sample was aged 24 h at room temperature. The sol flow rate was 150 μL/min, and 

the nitrogen flow rate was 1.6 L/min at the nebulizer. The nebulizer was positioned 10 

cm above the microscope slide, and the slide translation rate was 1 cm/min. After 

deposition, the sol-gel films were dried overnight ambient conditions. This was followed 

by drying at 100 °C for 15 min and washing the films 3 times in MeOH. The films had a 

very rough texture with chunks of sol-gel on the surface of the film. In addition, small 
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cracks were observed through the film. However, the films were suitable for a 

preliminary determination of the suitability of IR detection of samples on sol-gel films.   

Nitrobenzenes were chosen for the analysis due to their structural and spectral 

similarity. Nitrobenzene (NB), 1,3-dinitrobenzene (DNB), and 1,3,5-trinitrobenzene 

(TNB) were prepared at a concentration of 1 μg/mL, and a syringe was used to apply 10 

μL of each sample onto the TMOS film. Spectra were acquired on a Nicolet Magna IR 

550 Spectrometer Series II using 1024 scans and a resolution of 4 cm-1. The aperture was 

set at its smallest size, 2.59 mm, to minimize overfilling the analyte spot with the beam. 

A silicon wafer was used as the background, and the sol-gel film was analyzed using a 

transmission geometry. Figure 8.2 shows the acquired spectra.  

 

 

Figure 8.2. IR spectra of nitrobenzenes on a TMOS-based sol-gel film. 
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Absorbance bands characteristic of the nitrobenzenes are seen in the region 

between 1300–1600 cm-1. The spectra of the three nitrobenzenes spotted on the sol-gel 

film are similar, with the NO2 stretching bands being the distinguishing feature of the 

different spectra. Table 8.1 shows the absorbance frequency of the NO2 stretching bands 

for each compound.  
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Table 8.1. Peak frequencies of NO2 stretching bands.  

Frequency (cm-1) Compound NO2 symmetric stretch NO2 asymmetric stretch
nitrobenzene 1525 1352 

1,3-dinitrobenzene 1541 1352 
1,3,5-trinitrobenzene 1553 1350 

 

8.1.3 Library searching 

Samples characteristic of an Excedrin tablet were analyzed to evaluate the 

feasibility of performing library searches on spectra of samples spotted on a sol-gel film. 

Solutions of caffeine, acetylsalicylic acid, and acetaminophen were prepared at a 

concentration of 5 mg/mL. The samples were applied on separate spots onto an MTES-

based sol-gel film deposited on silicon (Recipe 5-9) for a final mass of 5 μg per sample. 

A Nicolet Magna IR 550 Spectrometer Series II was used to acquire the spectra using 

1024 scans and a resolution of 4 cm-1. The aperture was set to 2.59 mm and air was used 

as the background. The resulting spectra are shown in Figure 8.3. As with the 

nitrobenzenes, spectral differences between the compounds are easily distinguished. 
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Figure 8.3. IR spectra of Excedrin components on an MTES-based sol-gel film. 

 

Omnic software was used to perform a library search on the three compounds. 

The search was conducted on a spectral window encompassing 1300–1800 cm-1, and the 

Georgia State Crime Lab sample library was used as the reference. Of the three samples, 

caffeine had the best signal-to-noise ratio and also was the most easily matched 

compound. Caffeine in KBr was the first hit in the library search and had a match score 

of 80.41, where a score of 100 indicates a perfect match. The library search for a match 

of acetaminophen on MTES gave acetaminophen in KBr as the second hit with a match 

score of 62.01. A search for a match of the acetylsalicylic acid sample did not result in a 

match for acetylsalicylic acid in KBr. The closest match to acetylsalicylic acid was the 

tenth hit, salicylic acid in KBr, with a match score of 43.56. For the acetylsalicylic acid 

sample, the first hit was poly(dimethylsiloxane) with a match score of 90.81. These 
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results indicate that the acetylsalicylic acid absorbance bands were not distinguishable 

from the the bands associated with the sol-gel film. Figure 8.4 shows a comparison 

between the spectra the Excedrin components on the MTES-based sol-gel films and their 

associated spectra in the Ohmnic library. 
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Figure 8.4. Comparison between spectra of Excedrin components on an MTES-based sol-
gel film and the spectra in the Ohmnic library. 
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8.1.4 Quantitative analysis 

Qualitative analysis was performed using MTES-based sol-gel films deposited on 

silicon. Recipe 3-4 was used to prepare and deposit the sol-gel film on the silicon 

substrate. The film was approximately 30 μm thick. Solutions of rhodamine B in 

methanol were prepared at concentrations of 1, 2, 10, and 20 μg/μL, and a 0.5 μL pipet 

was used to deposit the rhodamine B on the sol-gel film. Due to the uneven nature of the 

film in this particular recipe, the rhodamine B samples were spotted in the same location 

to eliminate baseline differences in the infrared spectra due to differences in the film 

thickness. Spectra were acquired on a Nicolet Magna IR 550 Spectrometer Series II using 

1024 scans, a resolution of 4 cm-1, and a 2.59 mm aperture. Figure 8.5 shows the acquired 

spectra. 
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Figure 8.5. IR spectra of increasing amounts of rhodamine B on an MTES-based sol-gel 
film. 

 

Rhodamine B absorption bands can be seen between 1300–1700 cm-1. Calibration 

curves were prepared using the bands at 1338 cm-1 (tertiary aromatic amine, C-N stretch) 

and 1590 cm-1 (carbonyl asymmetrical stretch). Figure 8.6a shows a linear relationship 

between peak height and the mass of rhodamine B on the sol-gel film for each band. For 

both calibration curves, the point at 12 μg is lower than expected. This was likely caused 

by not having the rhodamine B spot centered in the IR beam. Removal of the 12 μg 

sample from the calibrations improved the linearity of the regression as shown in Figure 

8.6b.  

 



264 

  

 

Figure 8.6. Calibration curve for rhodamine B on an MTES-based sol-gel film. 

 

8.2 Infrared imaging detection 

Infrared imaging detection was performed using a Varian Stingray (Palo Alto, 

CA, USA) infrared spectrochemical imaging system. The Stingray was operated in 

microscope mode with a 15x objective, giving a 350×350 μm image size. A 64×64 pixel 

mercury-cadmium-telluride (MCT) array was used. The pixel size was 40 μm.  

Analyses were performed using sol-gel films prepared using Recipe 5-9 and 

deposited on silicon wafers. The analytes were deposited on the films using capillary 

tubes. In order to make the analyte spot very small (~1 mm diameter), 0.5 μL capillaries 

were heated and drawn to a fine tip. This split the capillary in half so the approximate 

volume of the drawn capillary was ~0.25 μL. The sol-gel films were imaged in a 

transmission geometry using a blank section of the film as a background.   



265 

  

Figure 8.7 and Figure 8.8 show the infrared imaging spectra of caffeine at 1658 

cm-1 (carbonyl asymmetric stretch)128 and acetaminophen at 1515 cm-1 (amide bend),129 

respectively. These analytes were difficult to locate for imaging due to their colorless 

nature after being applied to the sol-gel film, so circles were drawn on the film and the 

analytes were each spotted within a circle. The samples were imaged by centering the 

circles in the visual viewfinder. As a result, the infrared images are entirely composed of 

the analyte and there is no region only representing the sol-gel in the image. The brighter 

and darker regions in the infrared images show that the analytes were not evenly 

distributed throughout the film, likely due to inhomogeneities in the film structure and 

thickness. This is confirmed by the spectra corresponding to each region. In the brighter 

regions, the absorbance bands of caffeine and acetaminophen are stronger than they are in 

the darker regions. In addition, the darker regions show inverted sol-gel bands because 

the background spectrum was acquired in a thicker region of the film. 
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Figure 8.7. Infrared image of ~2 μg of caffeine deposited on a film prepared using Recipe 
5-9. 

 

 

Figure 8.8. Infrared image of ~6 μg acetaminophen deposited on a film prepared using 
Recipe 5-9. 

 

8.2.1 Comparison of a sol-gel film and a commercial TLC plate using IR imaging 

Spectral analysis of sol-gel TLC plates and a Whatman KC18 HPTLC plate was 

performed using rhodamine B as a test analyte. The sol-gel film was analyzed in a 

transmission geometry, while the TLC plate was analyzed in a conventional reflectance 
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geometry. Figure 8.9 shows the spectrum of ~1 μg of rhodamine B on each plate prior to 

background subtraction. As predicted in Chapter 1, the transmitted light intensity through 

the sol-gel film is an order of magnitude greater than the light intensity reflected from the 

TLC plate, even without correcting for the reflection losses of the silicon. 

 

 

Figure 8.9. Uncorrected spectra of rhodamine B on a sol-gel film and on a TLC plate. 

 

The signal-to-noise improvement obtained using the sol-gel film is clearly visible 

upon examination of the image data for the sol-gel film and the TLC plate. Figure 8.10 

shows the infrared image at 1592 cm-1 of the edge of a spot of rhodamine B on a sol-gel 

film and spectra corresponding to different locations in the image. The brigher areas in 
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the image correspond to higher concentrations of rhodamine B. The spectrum at location 

1 corresponds to the sol-gel film and shows no absorbance bands due to rhodamine B. 

Locations 2 and 3 are the edge and the interior of the applied sample spot, respectively. 

Rhodamine B bands, primarily those at 1338 and 1592 cm-1, are clearly visible in the 

spectra at locations 2 and 3. The image shows a ring shape caused by circular 

chromatography in which the solvent in the sample migrates outwards carrying the 

analyte with it.1 This is confirmed by the spectra, which show higher absorbances of the 

rhodamine B bands at location 2 (edge of spot) compared to location 3 (interior of spot). 

 

 

Figure 8.10. Infrared image of rhodamine B deposited on a film prepared using Recipe 5-
9. 

 

Figure 8.11 shows the infrared image at 1592 cm-1 of rhodamine B on a TLC plate 

and spectra corresponding to different locations in the image. The brighter region in the 
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bottom of the image is the edge of the rhodamine B spot. In comparison to the spectra 

acquired on the sol-gel film, the signal-to-noise is much lower and it is difficult to 

positively identify bands associated with rhodamine B. This is due to the low intensity of 

light reflected from the highly absorbing stationary phase of the TLC plate, as shown in 

Figure 8.9. 

 

 

Figure 8.11. Infrared image of rhodamine B deposited on a Whatman KC18 HPTLC 
plate. 

 

8.3 Conclusion 

Infrared detection of analytes on sol-gel films was evaluated using both single 

point and imaging detection. In both cases, a transmission geometry was used, employing 

silicon wafers as the substrate for the sol-gel films.  

Single point infrared analysis was used to perform qualitative and quantitative 

analysis of analytes applied to sol-gel films. Nitrobenzene, dinitrobenzene, and 
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trinitrobenzene applied to a sol-gel film could be spectroscopically distinguished from 

one another. Samples characteristic of an Excedrin tablet were analyzed to evaluate the 

feasibility of performing library searches on spectra of samples spotted on a sol-gel film. 

The library search positively identified caffeine and acetaminophen, but did not provide a 

definitive match for acetylsalicylic acid due to the poor signal-to-noise of the acquired 

spectrum. Quantitative analysis was performed using different concentrations of 

rhodamine B applied to a sol-gel film. Two calibration curves were prepared using bands 

located at 1338 and 1590 cm-1. Excellent linearity was observed in both curves 

demonstrating the feasablity of using sol-gel film TLC with infrared detection to perform 

quantitative analysis. 

Infrared imaging detection of rhodamine B deposited on a sol-gel film and a TLC 

plate were examined. The spectra of rhodamine B prior to background subtraction show 

that the transmitted light intensity through the sol-gel film is an order of magnitude 

greater than the light intensity reflected from the TLC plate. This resulted in higher 

signal-to-noise in the image and spectra of rhodamine B on the sol-gel film compared to 

the TLC plate. Spectral features of rhodamine B could be easily distinguished in the 

spectra acquired on the sol-gel film but could not be positively identified in the spectral 

image taken on the TLC plate. 
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9 CONCLUSIONS AND FUTURE DIRECTIONS 

9.1 Conclusions 

Sol-gel films were developed that could be used to perform thin layer 

chromatography followed by infrared detection of the separated analytes. Several 

methods for deposition of the films were evaluated, including pipet deposition, spin 

coating, dip coating, and aerosol deposition. Aerosol deposition using a custom, 

concentric nebulizer gave films that were tens of microns thick and could incorporate 

solvent, making them suitable for TLC.  

Numerous sol-gel recipes employing different silane precursors and templating 

agents were studied. TEOS, MTES, C8-TrEOS, and APTS were evaluated for their 

suitability to create thick sol-gel films. Of these precursors, only MTES produced films 

that were uniform and robust. Multiple surfactants, surfactants in antifoaming agents, 

polymers and salts were examined as templating agents. CTAB, a cationic surfactant, 

demonstrated the ability to create sol-gel films containing an interconnected porous 

network.  

A recipe for a film suitable for TLC was developed using MTES as the 

organosilane precursor and CTAB as the templating agent. Sol-gel films prepared from 

MTES/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0.2 and pH 1.5 were mechanically 

stable, uniform in appearance, and demonstrated the ability to perform chromatographic 

separations. SEM images showed that the films were ~10 μm thick and had a highly 

interconnected porous structure. The surface area of the films was 30 m2/g, and the films 
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had a bimodal pore distribution with pore diameters centered around 3.5 μm and 0.85 

μm. The theoretical plate height of perylene (hRf = 77) was determined to be 144 μm on 

a sol-gel film-based TLC plate. This was significantly larger than the plate height of 40 

μm for perylene (hRf = 74) measured on a commercially available TLC plate. It was 

hypothesized that the slow solvent migration velocity significantly contributed to the low 

theoretical plate height values. 

Modifying the above recipe to use a mixed CTAB—urea template resulted in sol-

gel films with faster solvent migration velocities. Films prepared using 

MTES/MeOH/H2O/CTAB at ratios of 1 : 20 : 7 : 0.2 containing 5 wt% urea (relative to 

MTES) at pH 1.5 were mechanically stable and uniform in appearance. SEM images 

showed that the films were 5–10 μm thick and had a highly interconnected porous 

structure. The images indicated that the pore diameters were approximately 1 μm. The 

solvent velocity observed on these films was approximately twice as fast as that seen with 

the recipe prepared using the CTAB template.  

Films prepared using the mixed CTAB—urea template were used to separate 

several different classes of compounds, including PAHs and several classes of dyes. The 

chromatographic performance of the sol-gel films was evaluated by measuring the 

theoretical plate values of acridine and perylene using a mobile phase of 5:2 

hexane/toluene. Perylene had a plate height of 36 μm and a plate number of 1086 μm at a 

hRf of 76. This compares well to the values obtained on a commercial TLC plate of 40 

μm and 1017 μm for plate height and number (hRf = 74), respectively, but is lower than 
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the plate height and plate number values of 21 μm and 2491 μm (hRf = 87) measured on 

HPTLC plates. 

Analytes deposited on the sol-gel films were analyzed using single point and 

imaging infrared detection. Because a transmission geometry was used, an IR transparent 

substrate was needed so the films were deposited on silicon wafers. Single point IR 

detection was used to perform qualitative and quantitative analysis of samples applied to 

sol-gel films. The IR spectra of nitrobenzenes applied to a sol-gel film could be easily 

distinguished from one another. Spectra of Excedrin components demonstrated the ability 

to successfully perform library searches of analytes deposited on sol-gel films. Different 

concentrations of rhodamine B applied to the film showed a quantitative linear response.  

Infrared imaging analysis was performed on samples applied to both sol-gel films 

and TLC plates. The results showed that the transmitted light intensity through the sol-gel 

film was an order of magnitude greater than the light intensity reflected from the TLC 

plate. The increased light throughput of the sol-gel film resulted in significantly improved 

signal-to-noise in the spectra. Spectral bands of caffeine, acetaminophen, and rhodamine 

B applied to a sol-gel film could be easily detected, whereas it was difficult to identify 

spectral bands of rhodamine B applied to a TLC plate. 

Sol-gel-film-based TLC plates demonstrated the ability to perform 

chromatographic separations followed by infrared detection. They had improved optical 

properties compared with conventional TLC plates in spectroscopic analyses. Samples 

could be analyzed in transmission geometry, requiring no special attachments. The sol-
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gel-based TLC plates demonstrated significantly better light throughput and a wider 

spectral range than conventional TLC plates analyzed in diffuse reflectance geometries.  

9.2 Future directions 

9.2.1 Use a VOAG (vibrating orifice aerosol generator) for deposition 

A vibrating orifice aerosol generator (VOAG) is used to create aerosols of 

uniform, monodisperse particles, and has been previously used to create templated sol-gel 

films.130, 131 The VOAG includes a vibrating orifice for generating the aerosol and a 

drying column for evaporating the solvent. The orifice diameter, vibration rate, and 

amount of drying can be adjusted to modify the final particle diameter and dryness.132 

The precise control of the aerosol offered by the VOAG may aid in improving the quality 

of the deposited sol-gel films. 

9.2.2 Alternate substrate materials 

For IR analysis in a transmission geometry, an IR transparent substrate is 

required. The work performed here utilized silicon as a substrate. Some other suitable 

substrates include ZnSe, CaF, and AgCl, but it may not be economically feasible to 

obtain these materials in sizes suited for TLC. Polytetrafluoroethylene (PTFE) and/or 

polyethylene (PE) may be suitable substrates for sol-gel films used in IR analysis. These 

alternative substrates would provide an economical alternative to other IR transparent 
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materials, and are available in sizes that are suitable for performing chromatography. 

PTFE is free from spectral interferences in the regions of 4000–1300 cm-1 and 1000–700 

cm-1, and PE is free from spectral interferences in the regions of 4000-3000 cm-1 and 

2800-450 cm-1.133 An issue to be resolved with using PTFE and PE as substrates for sol-

gel films is ensuring that the films remain adhered to the substrate while performing thin 

layer chromatography. 

9.2.3 Use of forced-flow development 

The thin layer chromatographic development described here was performed using 

capillary flow. There is a method of development that forces the mobile phase through 

the stationary phase, called overpressured layer chromatography (OPLC). In OPLC, a 

membrane is placed directly on top of the stationary phase and the edges are sealed using 

glue. The mobile phase is pumped through the layer at a constant velocity. OPLC is 

analogous to HPLC in that sorbent is in a sealed environment and the mobile phase 

velocity is user-controlled. The theoretical plate height in OPLC is always smaller than 

that for capillary flow TLC resulting in better separation efficiency.14  

The use of OPLC to develop sol-gel-based TLC plates will improve their 

efficiency by increasing the velocity of the mobile phase. In addition, it has been shown 

that aqueous phases that do not wet reverse phase sorbents under capillary flow 

conditions do wet the sorbent under forced flow conditions.14 This may allow the MTES-

based sol-gel films to be used for separations with aqueous mobile phases, which will 

make the MTES-based sol-gel films more versatile separation media.   
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9.2.4 Adaptation of commercially available sol-gel technology 

Beginning in 2006, Merck introduced the first commercially available sol-gel-

based TLC plates.57 These sol-gel films are 10 μm thick, have 1–2 μm macropores, 30–

40 Å mesopores, have a specific surface area of ~350 m2/g, and a pore volume of ~0.3 

mL/g. The films are normal phase and have been used to separate pesticides, dyes, 

steroids, azepams, and amino acids.134 An order of magnitude improvement in detection 

limits has been shown for fluorescence detection, and the films provide 10–100 times 

better sensitivy for MALDI-MS detection.135 Similar improvements in detection limits 

will likely be seen if these films could be deposited on infrared transparent substrates.  
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APPENDIX A:LIST OF RECIPES 
  

Table 9.1. Recipes used in Chapter 2. 

Molar ratios Recipe 
Name MTES MeOH H2O BCP CTAB pH 

Aging  
time 
(h) 

Aging 
temp 
(°C) 

Drying 
temp 
(°C) 

2-1 1.0 15 1.0 0.1 -- 0.5 0.07 25 25 
2-2 1.0 19 1.1 0.1 -- 0.6 0.07 25 25 
2-3 1.0 19 1.1 0.1 -- 0.6 168 25 25 
2-4 1.0 15 1.0 -- 0.1 0.5 1 25 25 
2-5 1.0 15 1.1 0.1 -- 0.5 1 25 25 
2-6 1.0 25 1.2 -- 0.2 0.6 16 25 25 
2-7 1.0 20 7 -- 0.2 1.5 6 60 25 

 

Table 9.2. Recipes used in Chapter 3. 

Molar ratios Recipe 
Name MTES MeOH H2O BCP CTAB pH 

Aging  
time 
(h) 

Aging 
temp 
(°C) 

Drying 
temp 
(°C) 

3-1 1.0 15 1.0  0.1 0.5 1 25  
3-2 1.0 15 1.0  0.2 0.5 1 25  
3-3 1.0 15 1.1  0.13 0.5 24 25  
3-4 1.0 25 1.2  0.2 0.7 24 25  
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Table 9.3. Recipes used in Chapter 4. 

Molar ratios Recipe 
Name MTES MeOH H2O BCP CTAB pH 

Aging  
time 
(h) 

Aging 
temp 
(°C) 

Drying 
temp 
(°C) 

4-1a 1.0 20 0.5 -- 0.2 1.0 20 60 100 
4-1b 1.0 20 0.5 -- 0.2 1.0 20 60 350 
4-2a 1.0 20 4.0 -- 0.2 1.0 20 60 100 
4-2b 1.0 20 4.0 -- 0.2 1.0 20 60 350 
4-3a 1.0 20 7.0 -- 0.2 1.0 20 60 100 
4-3b 1.0 20 7.0 -- 0.2 1.0 20 60 350 
4-4a 1.0 20 10.0 -- 0.2 1.0 20 60 100 
4-4b 1.0 20 10.0 -- 0.2 1.0 20 60 350 
4-5a 1.0 20 0.5 -- 0.1 1.0 20 60 100 
4-5b 1.0 20 0.5 -- 0.1 1.0 20 60 350 
4-6a 1.0 20 4.0 -- 0.1 1.0 20 60 100 
4-6b 1.0 20 4.0 -- 0.1 1.0 20 60 350 
4-7a 1.0 20 7.0 -- 0.1 1.0 20 60 100 
4-7b 1.0 20 7.0 -- 0.1 1.0 20 60 350 
4-8a 1.0 20 10.0 -- 0.1 1.0 20 60 100 
4-8b 1.0 20 10.0 -- 0.1 1.0 20 60 350 
4-9a 1.0 20 0.5 -- 0.05 1.0 20 60 100 
4-9b 1.0 20 0.5 -- 0.05 1.0 20 60 350 
4-10a 1.0 20 4.0 -- 0.05 1.0 20 60 100 
4-10b 1.0 20 4.0 -- 0.05 1.0 20 60 350 
4-11a 1.0 20 7.0 -- 0.05 1.0 20 60 100 
4-11b 1.0 20 7.0 -- 0.05 1.0 20 60 350 
4-12a 1.0 20 10.0 -- 0.05 1.0 20 60 100 
4-12b 1.0 20 10.0 -- 0.05 1.0 20 60 350 

4-13 1.0 20 7.0 -- 0.1 1.0 20 60 
25 in 

NH4OH 
vapor 

4-14 1.0 20 7.0 -- 0.1 0.5 18 60 100 
4-15 1.0 20 7.0 -- 0.1 1.5 18 60 100 
4-16 1.0 20 7.0 -- 0.1 2.0 18 60 100 
4-17 1.0 20 7.0 -- 0.1 2.5 18 60 100 
4-18 1.0 20 7.0 -- 0.1 3.0 18 60 100 
4-19 1.0 20 7.0 -- 0.2 1.5 20 60 100 
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Table 9.4. Recipes used in Chapter 5. 

Molar ratios Recipe 
Name MTES MeOH H2O BCP CTAB pH 

Aging  
time 
(h) 

Aging 
temp 
(°C) 

Drying 
temp 
(°C) 

5-1 1.0 20 0 -- 0.2 1.0 16 60 100 
5-2 1.0 20 0 -- 0.2 1.5 16 60 100 
5-3 1.0 20 0 -- 0.2 2.0 16 60 100 
5-4 1.0 20 3.0 -- 0.2 1.0 16 60 100 
5-5 1.0 20 3.0 -- 0.2 1.5 16 60 100 
5-6 1.0 20 3.0 -- 0.2 2.0 16 60 100 
5-7 1.0 20 7.0 -- 0.5 1.5 16 60 100 
5-8 1.0 20 7.0 -- 0.125 1.5 16 60 100 
5-9 1.0 20 7.0 -- 0.2 1.5 16 25 100 
5-10 1.0 20 7.0 -- 0.2 1.5 1 25 100 
5-11 1.0 20 7.0 -- 0.2 1.0 16 60 100 
5-12 1.0 20 7.0 -- 0.2 2.0 16 60 100 
5-13 1.0 20 7.0 -- 0.2 1.0 4 25 100 
5-14 1.0 20 7.0 -- 0.2 2.0 5.5 25 100 
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Table 9.5. Recipes used in Chapter 6. 

Molar ratios Recipe 
Name MTES MeOH H2O Template 1 Template 2 Template 

modifier 
pH

6-1 1 -- 3 0.025 
(CTAB) -- -- 0 

6-2 1.0 20 7.0 -- -- -- 1.5

6-3 1.0 20 7.0 0.2 
(CTAB) -- 5 mM 

(TBAB) 1.5

6-4 1.0 20 7.0 0.2 
(CTAB) -- 10 mM 

(TBAB) 1.5

6-5 1.0 20 7.0 0.2 
(CTAB) -- 5 wt% CTAB 

(DMPS) 1.5

6-6 1.0 20 7.0 0.2 
(CTAB) -- 10 wt% CTAB 

(DMPS) 1.5

6-7 1.0 20 7.0 0.2 
(SDS) -- -- 1.5

6-8 1.0 20 7.0 0.07 
(SDS) -- -- 1.5

6-9 1.0 20 7.0 0.03 
(SDS) -- -- 1.5

6-10 1.0 20 7.0 0.2 
(Triton X-100) -- -- 1.5

6-11 1.0 20 7.0 0.028 
(Triton X-100) -- -- 1.5

6-12 1.0 20 7.0 10 wt% MTES 
(urea) -- -- 1.5

6-13 1.0 20 7.0 25 wt% MTES 
(urea) -- -- 1.5

6-14 1.0 20 7.0 50 wt% MTES 
(urea) -- -- 1.5

6-15 1.0 20 7.0 100 wt% 
MTES (urea) -- -- 1.5

6-16 1.0 20 7.0 5 wt% MTES 
(PEG) -- -- 1.5

6-17 1.0 20 7.0 10 wt% MTES 
(PEG) -- -- 1.5

6-18 1.0 20 7.0 20 wt% MTES 
(PEG) -- -- 1.5

6-19 1.0 20 7.0 0.2 
(CTAB) 

0.5 wt% 
MTES 
(urea) 

-- 1.5
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6-20 1.0 20 7.0 0.2 
(CTAB) 

1 wt% MTES 
(urea) -- 1.5

6-21 1.0 20 7.0 0.2 
(CTAB) 

5 wt% MTES 
(urea) -- 1.5

6-22 1.0 20 7.0 0.2 
(CTAB) 

10 wt% MTES 
(urea) -- 1.5

6-23 1.0 20 7.0 0.2 
(CTAB) 

25 wt% MTES 
(urea) -- 1.5

Recipe 6-1 was aged for 1 h at room temperature and dried overnight at room 
temperature. All other recipes were aged at 25 °C for 16 h and dried at 100 °C for 24 h. 
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Table 9.6. Recipes used in Chapter 7. 

Molar ratios Recipe 
Name Organosilane 

Precursor 1 
Organosilane
Precurosor 2    Modifier pH 

Aging  
time 
(h) 

Aging 
temp 
(°C) 

Drying 
temp 
(°C) 

7-1 1.0 (TEOS) -- 20 0.5 0.2 1.0 
(DMF) 1.0 24 60 25 

7-2 1.0 (TEOS) -- 20 4.0 0.2 1.0 
(DMF) 1.0 12 60 25 

7-3 1.0 (TEOS) -- 20 7.0 0.2 1.0 
(DMF) 1.0 12 60 25 

7-4 1.0 (TEOS) -- 20 10.0 0.2 1.0 
(DMF) 1.0 12 60 25 

7-5 1.0 (TEOS) -- 20 0.5 0.2 0.5 
(DMF) 1.0 24 60 25 

7-6 1.0 (TEOS) -- 20 4.0 0.2 0.5 
(DMF) 1.0 24 60 25 

7-7 1.0 (TEOS) -- 20 7.0 0.2 0.5 
(DMF) 1.0 24 60 25 

7-8 1.0 (TEOS) -- 20 10.0 0.2 0.5 
(DMF) 1.0 24 60 25 

7-9 1.0 (TEOS) -- 20 0.5 0.2 0.25 
(DMF) 1.0 24 60 25 

7-10 1.0 (TEOS) -- 20 4.0 0.2 0.25 
(DMF) 1.0 24 60 25 

7-11 1.0 (TEOS) -- 20 7.0 0.2 0.25 
(DMF) 1.0 24 60 25 

7-12 1.0 (TEOS) -- 20 10.0 0.2 0.25 
(DMF) 1.0 24 60 25 

7-13 1.0 (TEOS) -- 20 0.5 0.2 0.125 1.0 24 60 25 
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(DMF) 

7-14 1.0 (TEOS) -- 20 4.0 0.2 0.125 
(DMF) 1.0 24 60 25 

7-15 1.0 (TEOS) -- 20 7.0 0.2 0.125 
(DMF) 1.0 24 60 25 

7-16 1.0 (TEOS) -- 20 10.0 0.2 0.125 
(DMF) 1.0 24 60 25 

7-17 1.0 (TEOS) -- 20 7.0 0.2 2.0 
(DMF) 1.0 24 60 25 

7-18 1.0 (TEOS) 0.0 (MTES) 20 7.0 0.2 -- 1.5 16 25 100 
7-19 0.9 (TEOS) 0.1 (MTES) 20 7.0 0.2 -- 1.5 16 25 100 
7-20 0.75 (TEOS) 0.25(MTES) 20 7.0 0.2 -- 1.5 16 25 100 
7-21 0.5 (TEOS) 0.5 (MTES) 20 7.0 0.2 -- 1.5 16 25 100 
7-22 0.25 (TEOS) 0.75 (MTES) 20 7.0 0.2 -- 1.5 16 25 100 
7-23 0.1 (TEOS) 0.9 (MTES) 20 7.0 0.2 -- 1.5 16 25 100 
7-24 0.05 (TEOS) 0.95 (MTES) 20 7.0 0.2 -- 1.5 16 25 100 
7-25 0.5 (TEOS) 0.5 (MTES) 20 7.0 0.2 -- 1.5 16 60 100 

7-26 0.5 (TEOS) 0.5 (C8-
TrEOS) 20 4.0 0.2 -- 1.0 24 60 60 

7-27 0.95 (TEOS) 0.05 (C8-
TrEOS) 20 4.0 0.2 -- 1.0 20 60 60 

7-28 1.0 (APTS)  20 7.0 0.2  1.0 20 60 100 
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