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The calorimetric measurements of methanol and hexane heats of immersion were carried out on different
silica gels. Based on the difference in immersion heats, a methodology for the determination of the number
of silanols on the surface is presented. The calculated concentration of residual silanols on the silica gel
surface agreed with data found in the literature. The proposed methodology, based on a calculation
of possible hydrogen bond formation, was also tested on the series of bonded stationary phases with
different coverage densities. A very good correlation between the calculated number of accessible residual
silanols and the coverage density of bonded ligands was observed.
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1. Introduction

Silica gel is the most important material utilized in liquid chro-
matography as an adsorbent or the support for bonded stationary
phases. The most important advantages of these packing materials
are its chemical stability and porous structure which assures rapid
mass transfer, good loadability, and high reproducibility [1]. Even
after the derivatization of silica gel, residual silanols are always
present on the surface of the material. The presence of residual
silanols can have a negative influence on the separation of polar
analytes, especially basic compounds and biopolymers [2].

During the elution process solvents from the mobile phase
adsorb on the silica and modified silica surfaces. Water adsorbs
preferentially on the residual silanols which can be divided into two
groups: isolated silanols and geminal silanols and on the siloxanes
[3-5]. The most active are geminal silanols but their concentration
onthe surfaceisthe lowest (10-12%) and isolated silanols (60-65%).
Siloxanes make the rest [6-8]. Residual silanols may participate in
the retention of solutes [9-11]. From the amount of residual silanols
- which are not bonded with silanes - only about 5% exist as a
polar strong adsorption center. This effect is caused by the shield-
ing properties of the methyl group connected to the silicon atom in
the silanes bonded to the surface [5,12].
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When the stationary phase is in contact with the mobile phase,
interactions of organic solvent with the silanols are also possible
[13,14], but they preferentially solvate chemically bonded organic
ligands. This phenomenon has been a topic of many previous inves-
tigations [15-18].

The microcalorimetric measurement of the thermal effect
accompanying wetting of the surface by organic solvent is another
method that can give useful information about solvent interactions
with silica and modified silica surfaces [19-22]. In addition, the
temperature strongly influences the solvation processes [23].

The measured heat of immersion is generated by both specific
and non-specific interactions. In the case of methanol, acetonitrile
and hexane, all solvents may interact with the silica surface due to
non-specific mechanisms (van der Waals forces and London forces)
but only methanol and acetonitrile exhibit the ability for specific
polar interactions (hydrogen bonding and dipole-dipole). In this
case the heat of adsorption is higher for alcohols than for hydrocar-
bons [24,25]. Thus, microcalorimetric measurements may be used
to determine the possibility of polar interactions of some solvents
with the surface silanols.

In previous work [19,26] the microcalorimetric study of sol-
vent adsorption was compared with excess isotherm measurement
in chromatographic systems and the use of microcalorimetric
measurements for the determination of the polarity of bonded sta-
tionary phases. The goal of the present study was to determine the
number of the accessible residual silanols using microcalorimetric
investigation. Based on the heat of hexane and methanol adsorp-
tion, the thermal effect connected with hydrogen bond creation
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Table 1
Properties of the silica gels.

Material Mean particle Particle shape Specific surface Mean pore Pore volume
size (pum) area (m?/g) diameter (A) (cm3/g)

Kromasil 100 5 Spherical 313 100 0.87
Kromasil 300 10 Spherical 112 300 0.83
Microsolv Technology 4.2 Spherical 350 100 0.9
LiChrospher Si 100 5 Spherical 400 100 1.25
Silpearl 6.8 Spherical 612 46 0.67

SG7/G 7.5 Spherical 361 200 2.1
Lichrosorb Si 60 7 Irregular 300 60 0.75

was obtained. From these measurements it is possible to calcu-
late the number of residual silanols accessible for hydrogen bond
creation during chromatographic elution.

2. Experimental
2.1. Instruments

The calorimetric measurements were carried out using a home-
made microcalorimeter with a Tian-Calvet isothermal design. The
measurement temperature was 37 °C [27].

The degree of the surface coverage by octadecyl ligands (ogp)
was calculated on the basis of the carbon percentage determined
with a Model 240 CHN analyzer (Perkin Elmer, Norwalk, USA).
Calculations were done according to methodology proposed by
Berendsen and de Galan [28].

2.2. Methods

The study of the immersion heats was carried out using a Tian-
Calvet calorimeter. Before measurement the sample consisting of
300 mg of the bonded stationary phase was dried at 373K under
vacuum. The silica material was placed into the microcalorimeter
in a vessel and 5 cm? of the solvent was added. The adsorbent and
solvent were separated using a membrane. After a constant tem-
perature in the calorimeter was reached (18 h), the membrane was
broken and the silica material was immersed in the solvent. The
heat of the immersion was measured.

Elemental analysis is the common method used to characterize
the composition of stationary phases. Determination of the carbon
percentage enables one to calculate the coverage density of the
stationary phase. In this case, the Berendsen equation is used [28]:
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a{zp, coverage density (mol/m?2); Pc, percent of carbon (%); nc,
number of carbon atoms in the ligand; My, molar mass of the lig-
and; ny, number of reactive functional groups in on the silane; Sggt,
specific surface area (m?/g).

2.3. Materials

Five sources of silica gel were used in the study: Kromasil 100
and Kromasil 300 (Akzo Nobel, Bohus, Sweden), Microsolv Technol-
ogy (Eatontown, NJ, USA), Silpearl (Glaswork, Czech Republic), SG
7/G (Slovak Academy of Sciences, Slovakia) Lichrosorb and Lichro-
spher from Merck (Darmstadt, Germany). The solid support of the
in-house made phases was Kromasil 100. Parameters of the silica
gels used in the study are listed in Table 1.

Six chromatographic columns were studied. All the columns
were prepared from the same batch of silica particles. The
silica gel was chemically modified with chlorodimethyloctade-
cylsilane and chlorotrimethylsilane (Wacker GmbH, Munich,

Germany). Morpholine was purchased from Sigma-Aldrich
Chemie (Steinheim, Germany).

All solvents were HPLC grade, purchased from J.T. Baker (Deven-
ter, The Netherlands). Water was purified using a Milli-Q system
(Millipore, El Paso, TX, USA). Changing of the proportion of octade-
cyldimethylchlorosilane and an activator (morpholine) during
synthesis, the series of stationary phases with different densities
of octadecyl ligands was obtained. Properties of these stationary
phases were presented in the previous works [29].

The characteristics of the stationary phases are listed in Table 2.
All eluents were degassed in an ultrasonic bath under vacuum.

3. Results and discussion
3.1. Determination of accessible silanols on silica surface

Solvents adsorb on the silica surface, but the mechanism of the
adsorption depends on the properties of the solvent molecules. In
the case of hexane, it can interact with the silica surface only due
to nonspecific dispersive forces. Methanol can interact using dis-
persive forces and hydrogen bonds. The energy of hydrogen bonds
(En)is onthe order of magnitude of 20 kJ/mol whereas the energy of
dipole-dipole interactions is in the range 0.6-2 kJ/mol. The energy
of dispersive London forces is also about 2 k]/mol [25]. The energy of
hydrogen bonds is at least 10 times higher than energy of dispersive
interaction.

All of the solvents may act with the silica surface due to non-
specific interactions (van der Waals forces, London forces) but only
methanol has specific polar interactions (hydrogen bonding and
dipole-dipole). In this case the heat of adsorption is higher for
alcohols than for hydrocarbons [24,25]. Data are listed in Table 3.

The heat of hydrocarbon immersion (normal alkanes) on the sil-
ica gel surface in principle, is independent of the chain length [24]
(0.065 and 0.066]/m? for hexane and heptane, respectively). It is
also almost constant for water and alcohols [19] (0.17, 0.18, 0.17,
0.16]/m? for water, methanol, ethanol, and 2-propanol, respec-
tively). Fig. 1 summarizes the differences between the two classes
of compounds.

The heat of hexane immersion depends only on the dispersive
forces. In the case of methanol, the thermal effect is a sum of dis-
persive forces and polar interactions.

AHt = AHp + AHs (2)

Table 2
Coverage density of stationary bonded phases.

Phase code Carbon load Coverage density
(Pc) (%) (age) (p.mol/m?)

#1(C18) 2.42 0.33

#2(C18) 7.55 1.11

#3(C18) 10.88 1.68

#4(C18) 17.27 2.95

#5(C18) 18.70 3.27

#6(C1) 4.21 4.08
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Table 3
Heats of methanol and hexane immersion on the tested materials (raw data).

Material Heat of methanol Heat of hexane
immersion (J/g) immersion (J/g)
Silica gels
Kromasil 100 63.21 14.81
Kromasil 300 24.02 5.40
Microsolv technology 73.05 18.33
LiChrospher Si 100 85.58 17.17
Silpearl 69.54 2443
SG7/G 69.54 24.43
Lichrosorb Si 60 66.17 21.19
Octadecyl stationary phases
#1(C18) 46.02 14.79
#2(C18) 34.40 12.76
#3(C18) 25.92 12.55
#4(C18) 14.65 9.55
#5(C18) 14.19 9.38
#6(C1) 11.00 7.60

where AHr is the total thermal effect observed (J/m2), AHp is a
thermal effect connected with dispersive forces interactions (J/m?)
and AHs is a heat of specific interactions (J/m?2).

If it is assumed that the AHry value is represented by the heat of
methanol immersion and the AHp is the heat of hexane immersion,
then the contribution of the polar heat interactions (AHs) may be
calculated.

Then, the concentration of the silanols on the surface may be
calculated from the following equation:

AH
don = HS (mmol/m?) (3)

where ooy is a concentration of surface silanols and Ey is the energy
of hydrogen bond (kJ/mol). Concentration of silanols may be next
recalculated to pumol/m?2.

The energy of hydrogen bond formed between oxygen and
hydroxyl group (O-H---0) is in the range 19-21kJ/mol [25]. The
results obtained are presented in Table 4 and they are in agreement
with data found in the literature. Data presented in the literature
do not correspond to all of investigated samples. It is shown to
compare the oldest results and these obtained using the presented
methodology.

The concentrations of residual silanols on the silica surfaces
presented in the literature are changing. These values depend on
methodology in which it was measured. At this time it is difficult
to choose the best one. The methodology reported here gives the
results which are consistent with data presented in literature. How-
ever, the average equals 7.51. Measured values of surface silanol
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Fig. 1. Changes of hydrocarbon and alcohol heat of immersion on the silica gel
surface.

Table 4

Calculated concentrations of silanols on the silica gel surface in the present study
and presented in the literature. Literature data do not corresponds to following silica
gels.

Silica gel Measured concentration ~ Concentration of silanols
of silanols (mol/m?) on different silica gels

presented in the
literature (pmol/m?)

Kromasil 100 7.73

Kromasil 300 8.06 7.1[30]

Microsolv Technology 7.81 7.6 [31]

LiChrosorb Si 60 7.50 7.6-7.8 [32]

LiChrospher Si 100 8.55 840.1[3,33]

Silpearl 6.13 8.4440.1 [34,35]

SG7/G 6.26 6.21[36,37]

concentration are in the range typical for silica gel measured in
different methods, with average 7.43. It suggests that the method-
ology may be used for investigation of silanol groups on silica
surfaces. Additionally, it can make a compromise between different
methods, commonly used by many of authors.

3.2. Determination of accessible silanols on chemically bonded
phases

A similar calculation may be done for determining the number of
residual accessible silanols in the structure of the bonded station-
ary phase. First of all, the term residual accessible silanols must
be defined. Not all of the residual silanols present in the station-
ary phase are accessible. This accessibility means the possibility for
interaction with the solute or with mobile phase components. As
was mentioned in the previous work, residual silanols are solvated
by water or methanol molecules via hydrogen bonding [29]. In the
case of a solute which can be a donor or acceptor of a hydrogen
bond, competition between the solvent and the solute for inter-
action with residual silanols is observed. As results tailing peaks
are observed, especially for elution of amines. Thus, the number
of accessible residual silanols is equal to the number of hydrogen
bonds created between the solvent and the stationary phase.

The calculated number of residual silanols for a series of station-
ary phases is presented in Fig. 2. The correlation coefficient (R?) of
this dependence is equal 0.998.

The decrease of the accessible silanol concentration is caused
by two effects. Firstly, the organic ligands bonded to the sil-
ica surface reduce number of residual silanols. The number of
reduced silanols is equal to the coverage density of bonded ligands.

R’=0.998
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Fig. 2. Changes of the concentration of accessible silanols with surface coverage
density of organic ligands.
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Additionally, ligands possess two methyl groups connected to a
silicon atom. These groups shield some part of the surface and
block some residual silanols. Thus, the decrease of the accessi-
ble silanol number is non-linear. As was mention by Nawrocki
[5], for high coverage stationary phases only about 5% of resid-
ual silanols are a strong polar adsorption center. From the data
obtained for the stationary phase with the highest coverage den-
sity (agp =4.08 pmol/m?), the number of accessible silanols equals
0.54 pmol/m?. If it is assumed that the total concentration of
silanols on the silica surface as 7.73 wmol/m?, then the calculated
number of residual silanols able to hydrogen bond are about 15%
of residual silanols present on the stationary phase surface.

As determined in previous papers [29,38] for high coverage
bonded stationary phases, the free volume between bonded ligands
is low and penetration of solvent molecules to the silica surface
is hampered. If one extrapolates the plot in Fig. 2 to a stationary
phase which is dense enough to block and shield all of the residual
silanols, the heat of methanol and hexane immersion should be the
same and thus the number of accessible silanols equals zero.

These results confirm the effectiveness of the methodology
described in this study for the determination of the number of
residual silanols on unmodified and chemically modified silica.

4. Conclusions

This study presents a calorimetric method for the determina-
tion of the number of accessible silanols. Based on the difference
in thermal effects of surface immersion of methanol and hex-
ane the number of hydrogen bonds created was calculated. This
method may be used for silanol determination on bare silica gel.
It gives results similar to date presented in the literature. The pre-
sented methodology may be also used for bonded stationary phase
characterization by determining the number of silanols which are
available for hydrogen bond interactions during chromatographic
elution.

Acknowledgements
This work was sponsored by Ministry of Science and Higher

Education, Grant No.IP2010 003470 for 2010-2011 period, Founda-
tion for Polish Sciences “Start” subsidy and European Social Found,

Polish National Budget, Kujawsko-pomorskie Voivodship Budget
(within Sectoral Operational Programme Human Resources) -
“Krok w przysztosc I1I”.

References

[1] M. Jaroniec, ]. Chromatogr. A 656 (1993) 37.
[2] D.V. McCalley, ]. Sep. Sci. 26 (2003) 187.
[3] K.K. Unger, Porous Silica, Elsevier, Amsterdam, 1979.
[4] H. Engelhardt, C. Blay, J. Saar, Chromatographia 62 (2005) S19.
[5] J. Nawrocki, J. Chromatogr. A 779 (1997) 29.
[6] M. Maus, H. Engelhardt, J. Chromatogr. 371 (1986) 235.
[7] B. Pfleiderer, K. Albert, E. Bayer, L. van de Ven, J. de Haan, C. Cramers, J. Phys.
Chem. 94 (1990) 4189.
[8] K. Albert, B. Evers, E. Bayer, J. Magn. Reson. 62 (1985) 428.
[9] L.R. Snyder, H. Poppe, J. Chromatogr. 184 (1980) 363.
[10] J. Nawrocki, D.L. Moir, W. Szczepaniak, . Chromatogr. 467 (1989) 31.
[11] M.L. Miller, R.W. Linton, G.E. Maciel, B.L. Hawkins, ]. Chromatogr. 319 (1985) 9.
[12] J. Nawrocki, B. Buszewski, J. Chromatogr. 449 (1988) 1.
[13] S. Bocian, P. Vajda, A. Felinger, B. Buszewski, Chromatographia 71 (2010) S5.
[14] C. Horvath, W. Melander, J. Chromatogr. Sci. 15 (1977) 393.
[15] J.H. Knox, R. Kaliszan, J. Chromatogr. 349 (1985) 211.
[16] R.M. McCormick, B.L. Karger, Anal. Chem. 52 (1980) 2249.
[17] A.Eltekov, V. Kazakievich, J. Chromatogr. 395 (1987) 473.
[18] F. Riedo, E. Kovats, ]. Chromatogr. 239 (1982) 1.
[19] B. Buszewski, S. Bocian, G. Rychlicki, P. Vajda, A. Felinger, J. Colloid Interface
Sci. 349 (2010) 620.
[20] B.Buszewski, K. Krupczynska, R.M. Gadzata-Kopciuch, G. Rychlicki, R. Kaliszan,
J. Sep. Sci. 26 (2003) 313.
[21] B. Buszewski, K. Krupczynska, G. Rychlicki, R. Lobinski, ]. Sep. Sci. 29 (2006)
829.
[22] P. Staszczuk, B. Buszewski, Chromatographia 25 (1998) 881.
[23] B. Buszewski, S. Bocian, R. Zera, Adsorption 16 (2010) 437.
[24] M.M. Dubinin, A.A. Isirikyan, K.M. Nikolaev, N.S. Poiyakov, L.I. Tatarinova, Russ.
Chem. Bull. 35 (1986) 1573.
[25] P.W. Atkins, Physical Chemistry, 6th ed., W.H. Freeman and Company, New
York, 1997.
[26] B. Buszewski, S. Bocian, G. Rychlicki, J. Sep. Sci. 34 (2011) 773.
[27] G. Rychlicki, A.P. Terzyk, J. Therm. Anal. Calorim. 45 (1995) 961.
[28] G.E.Berendsen, L. de Galan, J. Chromatogr. 196 (1980) 21.
[29] S. Bocian, P. Vajda, A. Felinger, B. Buszewski, Anal. Chem. 81 (2009) 6334.
[30] T. Czajkowska, M. Jaroniec, B. Buszewski, . Chromatog. A 728 (1996) 213.
[31] RK.Iler, The Chemistry of Silica, Wiley, New York, 1979.
[32] E.V. Vansant, P. van der Voort, K.C. Vranken, Characterization and Chemical
Modification of the Silica Surface, Elsevier, Amsterdam, 1995.
[33] L.T. Zhuravlev, A.V. Kiselev, V.P. Naidinia, A.L. Polyakov, Russ. ]. Phys. Chem. 37
(1963) 1216.
[34] G. Féti, E.S. Kovats, Langmuir 5 (1989) 243.
[35] A.Tuel, H. Hommel, A.P. Legrand, E.S. Kovats, Langmuir 6 (1990) 770.
[36] L. Nondek, B. Buszewski, D. Berek, ]. Chromatogr. 360 (1986) 241.
[37] B. Buszewski, L. Nondek, A. JuraSek, D. Berek, Chromatographia 23 (1987) 442.
[38] B. Buszewski, S. Bocian, A. Nowaczyk, J. Sep. Sci. 33 (2010) 2060.



	Determination of accessible silanols groups on silica gel surfaces using microcalorimetric measurements
	1 Introduction
	2 Experimental
	2.1 Instruments
	2.2 Methods
	2.3 Materials

	3 Results and discussion
	3.1 Determination of accessible silanols on silica surface
	3.2 Determination of accessible silanols on chemically bonded phases

	4 Conclusions
	Acknowledgements
	References


