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Adsorption of Water and Methanol on Silica Hydroxyls: Ab Initio Energy and Frequency
Calculations
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Two hypothetical mechanisms proposed in the literature for the coordination@fadd CHOH on the

isolated silica OH group are reexamined by computations on the related molecular models at SCF, MP2, and
DFT levels. The computed energies suggest that these molecules stabilize on the isolated OH group by
means of two hydrogen bonds, acting as a proton acceptor toward the silica OH group and as a proton donor
toward a nearby SiOSi bridge. The alternative surface structures, widhalHd CHOH acting exclusively

as a proton acceptor toward the isolated OH group, are found to be less stabeldymol. The check of

these mechanisms against experimental IR data using the computed frequency shiftfObéf Qbydn the
adsorption supports these results. The ab initio calculations suggest no significant difference in mechanism
between the adsorptions on the isolated and geminal OH groups of silica. When stabilizing on a geminal OH
group, HO and CHOH can form the extra hydrogen bond not only with the nearby SiOSi bridge but also
with the complementary geminal OH group.

Introduction

H$H
The mechanism of interaction between water and the isolated -“/OH
OH group of silica is a debated theoretical problem. Two H
alternatives are proposed for this mechanism on the basis of ab /ﬁ
initio energy calculations on molecular modé&t8. The first P99
one, with HO acting toward the OH group as a proton acceptor
4

(structurel), was suggested in refs—B. In those studies
structure5. This structure was found to be substantially less

g g stable than structu#1® The calculations were done at the SCF
g B H. 4 H-.oH level with the 6-31G(d,p) and DZP (TZP on O atoms) basis
(?. ?_ ?. H sets. We studied this reaction at the SCF/6-31G(d) and SCF/
A1 A AR 3-21G levels using the CJDH-Si(OH), modelll12 which
P9 P9 P99 allowed us to examine not only structurésand 5 but also
1 5 3 structureb. Like for the HO adsorption, our results suggested

the 2-fold H-bonded species (structué® to be the most
energetically preferable.

In our studie$:'? we proposed to use also the computed
SAv(CHa) frequency shifts of CEDH upon the adsorption for
discriminating between the alternative mechanisms. We showed
that in H-bonding interactions th&v(CHs) shifts of the CHO-
containing molecules depend on the electron charge shift on
r}he CH group: an electron charge shift which decreases/
increases the C-H~ polarity of the C-H bonds makes the
v(CHs) frequencies shift to higher/lower wavenumbers due to
the increase/decrease of the covalent contributions to thd C
bonds. This electron mechanism agrees with the second
Gutmann’s rulé® and the ChungBennett empirical depen-
dence'* Therefore structurd proposed by Ugliengo et &0
contradicts the experimental fact that the 4L adsorption
on the silica OH groups causes thgHs) to decreasé> 18 In
this structure the withdrawal of the electron charge from the
CHz group should increase th&(CHs) frequenciet!? (the
directions of electron charge transfer are indicated by arrows
in the structures). For instance, in the similar interactions of
CH3OCH; with the silica and zeolitic OH groups (structurés
yand 8), the va{CHg), v',{CH,), and v{CHs) frequencies

structurel was shown to be significantly more stable than
structure2, the HO bonded to the OH group as a proton donor.
The most sophisticated energy analysis of these two structure
was performed by Ugliengo et &f.at the MP2/T2-+(2d,2p)/
/ISCF/DZP level using EBiOH as a molecular model of the
isolated OH group. The second mechanism was suggested i
our investigatiof at the SCF/6-31G(d) and MP2/6-31G(d,p)//
SCF/6-31G(d) levels with the Si(Olinodel of the surface. In
this mechanism bD acts both as a proton acceptor and as a
proton donor simultaneously toward the OSIiOH surface site
including the isolated OH group and a nearby O atom (structure
3). Moreover, our calculations showed structuteto be
unstable: its optimization, allowing the-€---O angle to vary,
turns structurel into structure3 without an energy barrier.
Also, for the interaction of methanol with the isolated silica
OH group, Ugliengo et &1°supposed the adsorbed molecule
to behave exclusively as a proton acceptor (strucfyreBy
analogy with their calculations of 4 on the isolated OH
group’® they used the HOSifimodel of the surface which
enabled only one alternative structure to be considered, namel
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increase by 9, 21, 11 and 23, 51, 24 dprespectively:’18As
to structure6, its computedAv(CHs;) frequency shifts were
found to be in good agreement with the IR dHtéd?
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H g H H H.H Although results of energy and frequency calculations are

C c . .
H\ H \O/CH complementary in our study, we believe that the frequency
,‘)29\ H \:( analysis provides the main proof for the proposed adsorption
?H HCH o H . mechanism. As the frequency shifts of adsorbed molecules
Pry >§1/OAJ[<O depend in unique fashion on the adsorption mechanism,
o elte 00 N experimental IR data can be very useful for discriminating

among the alternative structures for which energy calculations
7 8 lead to contradictory results. Another important point is that
according to our resuf®26the computed frequency shifts of
As an additional support of the 2-fold hydrogen-bonde®H  simple probe molecules on oxides are significantly less sensitive
and CHOH species on the OSiOH silica site, we note that they to the model size and basis set effects than the computed binding
conform to the well-known bifunctionality of water and energies. Moreover, in many cases, using well-established
methanol®22 which leads these molecules to form similar empirica| dependencies of the frequency shifts of probe
cyclic hydrogen-bonded complexes molecules on adsorption mechanism, a hypothetical structure
can be supported or unambiguously ruled out on the basis of a

HHH simple qualitative analysis of experimental IR data.
: ;
H H: . H; Details of Calculations and Frequency Analysis
O--H - +H i . ,
H x HC/O O\CH Ab initio calculations were performed with the GAUSSIAN-
HH H'H 92 and GAUSSIAN-94 packagés?8 Various approximations
9 10 were used, depending on the desired accuracy. For convenience

their specifications are given below when discussing particular
in solution. In these complexes the energy gain due to the extraproblems. Corrections to the adsorption energies for the basis
hydrogen bonding and the cooperative effect offset the energy set superposition error (BSSE) were estimated by the counter-
loss for the strong deviation of the OHO fragments from poise method? Electrostatic potential energy derived net
linearity 22 charges (PED) were computed at SCF level by means of the
Recently, Sauer et 8lreported BSSE corrected SCF/MINI-1  GAUSSIAN-94 POR-CHELPG option which utilizes the
and MP2//SCF/DZP energy calculations of the closed and openBreneman-Wiberg approximatio? Corrections to SCF mo-
H.0 species using HOSHDSiH; as a molecular model of the  lecular electrostatic potentials due to the electron correlation
OSIOH silica site, the nearby SiOSi bridge being mimicked by are usually insignificarnt?23
the SiOSiH group. They found that there is no extra hydrogen  For checking hypothetical GJ®H surface species against
bonding of HO on the isolated OH group: the@ experiences  experimental IR data, we used their computed(CH,), Avs-
only a nonspecific interaction with the siloxane bridge, the (CHs), Av(OH), and AS(OH) shifts. The calculated\v',
smallestRoy distance between the,B and SiOSi being larger  (CH,) shifts were not involved in our theoretical analysis, as
than the sum of the H and O van der Waals radii (2.6 A). The the harmonic frequency approximation does not take into
opposite result of our calculatichwas suggested to be biased account the Fermi resonances of thg(CH;) mode with the
by the Si(OH) model of the (Si)OSIiOH site: in their opinion  overtones and combinations of théCHz) modes3'-32 More-
the SiOH moiety is not adequate for mimicking the SiOSi bridge over, a conclusive experimental assignment of #H¢CH,)
in the discussed interaction. These calculations reinforced theirband of CHOH on the OH silica groups has been missing in
previous theoretical inference about the 1-fold hydrogen bonding the literature up to now’
of H,O and CHOH on the isolated OH groul*7:810 The When discussing the GJ@H adsorption, we use the com-
fact that this mechanism disagrees with the experimental IR puted proton donor OH frequency shifts for a qualitative analysis
data on the CkDH adsorption on silicgd1217was not taken only. Results of a recent theoretical analysis the different
into account in this study. contributions to the OH frequency shifts of water, methanol,
To get consistent theoretical results on energy and frequenciesand silanol dimers suggest that both the harmonic frequency
for H,O and CHOH interacting with the isolated OH group of approximation and the level of the ab initio treatment adopted
silica, in the present study we reexamine the above-mentionedin our study are not sufficient for a quantitative description of
adsorption structures employing more extended molecular the proton donor OH frequency shifts (see also ref 34).
models and more accurate quantum chemical approximationsMoreover, the quantitative prediction of these shifts for the case
compared to those adopted in the previous theoretical studiesof the CHOH adsorption would be useless for identifying the
on this subject 1217 As the contradictory findings on the discussed H-bonded species as their precise experimental values
relative stabilities of the cyclic and open structures resulted from are unknown. As Borello et af.1® showed (see also below),

ab initio calculations on molecular models of different siz¥, the CHOH adsorption produces a very broad, complex OH
we check the model size effect on the calculated adsorption stretching band in the 366200 cnt! region, and it is
energies. On the basis of the current A& of the prevailing impossible to distinguish all the subbands owing to their large

electrostatic nature of the moderate strength H-bonding, we alsowidth and strong overlap. The same sort of experimental
perform an analysis of the Coulombic interactions between the difficulties have led to a significant discrepancy in the assign-
H-bonded partners in the studied molecular models in order to ment of the HO and SiOHAv(OH) shifts for the case of the
interpret the results of the ab initio energy calculations. When H2O adsorption on silica (see refs 7 and 8 and references
identifying the adsorption structures of methanol using experi- therein). Therefore we also do not use the computed OH
mental IR data, the observetly(OH) and A6(OH) shifts of frequency shifts of the adsorbed®ifor discriminating between
methanol on the SiOH groups are considered for the first time the alternative mechanisms.

besides theAv(CHj) shifts11217 We also touch upon the In analyzing experimental IR data, we consider the IR bands
problem of the HO and CHOH adsorption on the geminal silica  of methanol on silica hydroxyls to be produced mainly byzCH
OH group? OH species on the isolated OH groups, the concentration of
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TABLE 1: BSSE Corrected Binding Energies of ClosedE¢,
and Open, E°, H,0O and CH3OH Adsorption Structures?
(kJ/mol)

1 1.83
6-31G(d) MP2/6-31G(d) BLYP/CBS1 | 1.94
= E° E° E° E° E°

la,1b 29(36) 28(33) 36(52) 35(45) 24(40) 21(37)
2a,2b 28(35) 21(26) 38(54) 28(38) 35(51) 23(39)
33, 3b 38 (56) 26(37) 34(50) 24 (35)
4a, 4b 39 (54) 30(40) 36(53) 24 (40) b
5a, 5b 39(55) 32(43) 36(51) 28 (40)

a EY(E°) = E(complex)— [E(substrate}- E(adsorbate)]. Numbers
in parentheses are BSSE uncorrected values.

the geminal OH groups being smaller than that of the isolated
ones by a factor of at least 3 (ref 8 and references therein). i
For all the examined models of the,® and CHOH
adsorption, our calculation results show only one energy
minimum corresponding to the 2-fold H-bonding mechanism.
The calculations of the constrained 1-fold H-bonded structures

are performed mainly for examining whether the energy _. ) . .
preference of the closed 0 open strucures i large enough for Gur 1, Meleeer modeis ol vater on e OSO ste o shes,
the extra H-bond to play a significant role in the adsorption. 31G(q) and SCF/6-31G(d) (underlined) levels.
As mentioned in the Introduction this problem emerges from
conflicting situation in interpreting the reaction mechanism by mechanism of the adsorption. We computed these models also
different authors, which is mainly caused by the choice of by a DFT method using the GAUSSIAN-94 BLYP option,
different models for silica hydroxyls. Therefore these results which combines the exchange functional of Be€kgith the
are also used to check the adequacy of these models, which iorrelation functional of Lee, Yang, and PafrThese calcula-
important for their further employment in studying the adsorp- tions were performed with a larger, combined basis set
tion on silica. (CBS1): the 6-311G(d,p) basis set fop® the adsorbing H

In the figures, of all the optimized geometry parameters, only atom, and the O atoms surrounding the Si atom bonded to the
the H-bond lengths are reported, computed at MP2 level. The adsorbing OH group and the 6-31G(d) basis set for the rest of
difference between the H-bond lengths predicted by the MP2 the models. The BLYP/CBS1 calculations reinforce the MP2/
and DFT calculations is insignificant. For the models involved 6-31G(d) results (Table 1). According to the generally accepted
in the electrostatic energy analysis, the SCF H-bond lengths methodology of the molecular approach, among the two
and OH--O bond angle including the 40 OH group are also  examined models #D-(HO);SiOSi(OH} has to be taken as the

2a 2b

reported. most reliable one, the #-HOSiH,OSiH; model being obtained
by its simplification. Therefore these results suggest that the
Results and Discussion H,0-HOSiH,OSiH; model used by Sauer et %ls inadequate
. . . for studying the mechanism in question. The reason of this
1. Energy Analysis. 1.1 Ab Initio Calculat|on§ ”,1 Table ._inadequacy is explained below by the analysis of the Coulombic
1 we report the BSSE corrected MP2/6-31G(d) binding energies niaractions in these models.
of H20 on the OSIOH site computed with To check whether the neglect of the surrounding lattice in

(a) the HO-HOSIH,0SiH; model (laand1b, Figure 1) used  he (HO)SIOSI(OH) surface model can significantly influence
by Sauer et af,some O atoms in the first coordination spheres  the result, we examined the convergence of the extra stabiliza-

of the Si atoms being mimicked by H atoms; tion energy at the SCF/6-31G(d) level upon increasing the
(b) the HO-(HO)3;SiIOSiI(OH} model Ra and2b, Figure 1)

with the “natural” nearest surrounding of the Si atoms. In these g

models the SiOSi angle was fixed to 24the averaged value \si/o\ i/O'X2

for silica. The OSiO, OSiH, and HSiH angles were kept equal ?/ \? o o-x2

to 109.5. Modelslaand2aof the closed HO structure were x1 X1 x2

optimized under th&€s symmetry constraint. Modelsb and
2b of the open HO structure were optimized with the additional model size in the series (X& X2 = H) < (X1 = Si(OH);, X2

0O—H-+0 = 180 and OH--:O—X = 123 geometry con- = H) < (X1 = H, X2 = Si(OH)) < (X1 = X2 = Si(OH)y).
straints allowing the formation of only one H-bond: these values Our calculations for thela, 1b, 2a, and2b models (Table 1)
correspond to the optimal ones for the 1-fold H-bondifg. suggest that in computing the binding energy the SCF/6-31G-

The energy preferencefE E° = 1 kJ/mol of the closed to  (d) and BSSE corrected MP2/6-31G(d) methods lead to nearly
open structure computed with the®tHOSiIH,OSiH; model the same results: the MP2 and BSSE corrections té&tland
is too small for a definitive discrimination between the two E° energies on going from the SCF/6-31G(d) to BSSE corrected
examined mechanisms. As we will show below, the zero-point MP2/6-31G(d) approximation about compensate each other.
and thermal corrections should cancel out this small difference Such mutual compensation of the MP2 and BSSE corrections
in the binding energy. Thus, in agreement with the theoretical takes place also for the binding energies of 20H, CH;OH-
study by Sauer et af.the HO-HOSiIH,OSiH; model suggests  SiHzOH, and 2SiHOH complexes computed with a DZP (TZP
that a nearby siloxane bridge does not play a significant role in on oxygen) basis séf. The models with X1= Si(OH); and
stabilizing water complexes on the terminal OH groups. Asto X2 = H or Si(OH)} were computed without geometry optimiza-
the extended bD-(HO);SiOSi(OH) model, the corresponding  tion, the geometry of the #-HOSIO,SiO; fragments of the
EC — E° = 10 kJ/mol value implies the 2-fold H-bonding closed and open structures being equal to those optimized for
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TABLE 2: SCF/6-31G(d) Binding Energies of Closed E¢,
and Open, E°, Adsorption Structures of Water2 (kJ/mol) EZ OéD
HOSI(OX1$0Si(0X2); 1.87 _ /1.8
1.99 [ 1.94
X1 X2 E¢ E° 2 12
H H 35 26
Si(OH)s H 31 22
H Si(OH) 36 24
Si(OH) Si(OH) 33 22
aES(E°) = E(complex)— [E(substrate}+ E(adsorbate)]. 4b
1. 83 J/ \ / 4
\ /’ 1.73%
1.86 /

\2.12 1,79
M W \1 99 (

Figure 2. Molecular models of methanol on the OSIOH site of silica.

H-bond lengths in angstroms at the MP2/6-31G(d) level. Figure 3. Molecular models of water and methanol on geminal OH
groups of silica. H-bond lengths in angstroms, bond angles in degrees

2a and2b (Figure 1). The SCF/6-31G(d) calculations show at the MP2/6-31G(d) and SCF/6-31G(d) (underlined) levels.

that the increase of the model size does not effecEthe E°

= 10 kJ/mol energy preference of the closed to open structure

(Table 2). This result supports the adequacy of the g3{@Si-

(OH); model of the (Si)OSIiOH site for studying the extra

stabilization effect.

Also for CH;OH on the OSIOH site our MP2/6-31G(d) and
BLYP/CBS1 calculations using the (H§3iOSi(OH) model
(Figure 2) lead to a similar result: the closed 4CHH structure

/
/
\ 1.98 / 1.91
{

(3a) is more stable than the open oi3&) by ~10 kJ/mol (Table

1). This reflects the closeness of the acithse properties of

H,0O and CHOH, which led us to suppose that these molecules 6a
interact with the isolated SiOH silica group by the same

mechanism and involve both of them in the study of this

mechanisn{:11.12.17

We also computed the energy gain on going from the open
to closed structure for the case of theH and CHOH 183
adsorption on the geminal silica OH groups, the adsorbed

of the (Si)OSiOH site, this model of the (H)OSiOH site includes

only the first coordination sphere of silicon atoms with respect

to the surface OH groups. Our calculations suggest that for 7b

the same configuration of the (Si)OSIOBA 2b, 3a, and3b) Figure 4. M- Sl(OH)4 and MHOSiH (M = H,0 and CHOH)

and (H)OSIOH 4a, 4b, 5g, andSb) sites the difference in energy  mpjexes fully optimized at the MP2/6-31G(d) level. H-bond lengths
between the extra H-bonds toward the complementary geminaljn angstroms.

OH group and toward the nearby siloxane bridge is insignificant
(Table 1). This result also justifies the use of the Si(Mpdel 2-fold and 1-fold H-bonding mechanisms, respectively. Ac-
for simulating the HO and CHOH adsorption on the (Si)-  cording to the results of the extensive use of HOSikla model
OSIOH site in our previous studi@g’12.17 of the isolated silica OH group?®19.2324his model is adequate

As the found difference of+10 kJ/mol in binding energy  for the quantitative description of the 1-fold H-bonding interac-
between the open and closed structures is quite small, the zerotions on silica hydroxyls. The MHOSiH; normal mode which
point and thermal corrections should be taken into account whencorresponds to the M torsion around the H-bond was treated as
discussing their relative stability. However, the geometry a free rotation, contributing OFST to the enthalpy® The results
constraints imposed on the above-discussed models do not allowof our calculations (Table 3) show that the zero-pohZ PE)
one to employ them for evaluating all the relevant vibrational and thermal AHy,) corrections to the frozen nuclei binding
frequencies. Therefore we used the fully optimizecSNIOH), energies can decrease the difference in stability between the
and MHOSiH; (M = H,0, CH;OH) MP2/6-31G(d) models  closed 6a and 7a) and open §b and 7b) structures by~2.5
(Figure 4) to examine the effect of these corrections for the kJ/mol. This effect is mainly accounted for by the inter-

/
molecule forming the extra H-bond toward the neighboring OH \ 1o [ 8
group. The calculations were performed at the MP2/6-31G(d)
and BLYP/CBSL1 levels with the Si(Ollinodel of the geminal
OH groups (Figure 3). Similar to the (HEHIOSiI(OH} model
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TABLE 3: Adsorption Energy ( —AE), Zero-Point (AZPE), TABLE 5: PED Charges® (au)

nd Thermal (AH rrections an ndard H f - - . -

féofmaﬁ%n E"A&);‘“&dc,%oﬁcm s and Standard Heat o H,0-HOSIH,0SiH; H,0-(HO)SIOSI(OHy  H,0-Si(OH)
model —AE AZPE AHo, AH® atom 1la b atom 2a 2b atom 4a 4b

H1 052 049 H1 058 052 H1 0.53 0.50

G CBTESS9 15 33 %5 Gl 0bs 07 OI 098 ~0.95 Ol ~0.89 03
7a 355 (-57.8) 95 08 268 Sil 117 123 Sil 168 172 Si1 158 1.63
7b 284 (-40.7) 6.4 03  —223 02 -0.66 —065 02 -0.92 -089 02 -0.94 —091
Si2 090 0.87 Si2 1.59 1.54
aMP2/6-31G(d). Numbers in parentheses are not BSSE corrected H2 —0.23 —0.20 H3 042 043 H2 0.48 0.45
values. H3 -0.19 -0.16 O3 -0.79 -0.81 O3 -0.80 —0.82
H4 -0.21 —0.17 H4 0.44 0.44 H3 0.43 043
TABLE 4: Electrostatic Contributions to the Extra 04 -081 -0.80
Stabilization Effect on Going from Open to Closed HS 047 047
Structure?2 (kJ/mol) 05 -092 -0.92
H,O- H,O- H,O- aDerived from1a, 1b, 2a, 2b, 4a, and4b SCF/6-31G(d) models.
HOSIHOSiH;  (HO)SIOSI(OH)  Si(OH) _ _ o _
O1H1 s s 5 for by the difference in the electrostatic interaction of the
si1 _8 —27 1 adsorbed HO molecule with the Si atom of the OSIOH site,
02 -21 -20 —50 the contributions to the extra stabilization from the adsorbing
other atoms 16 17 17 OH group, the bridging O atom, and the rest of the models being
total —19 —36 —37 approximately equal. As follows from the data of Table 5, this
aPED charges and geometries are derived from SCF/6-311&(d) effect results from the significant underestimation {b§.5 au)
1b, 23, 2b, 4a, and4b models. of the corresponding(Si) charge in the HOSIiKDSiH; model

compared to that in the extended (HS)OSi(OH} model. This

molecular vibrational frequencies of 8i(OH), being larger  ynderestimation is explained by the not realistic chemical
than those of MHOSIiH;, which results from the extra H-bond  syrroundings of the Si atom in the HOSBSiH; model, with
in M-Si(OH), and makes itsAZPE be larger (Table 3). To  the two nearby O atoms being mimicked by H atoms. The data
summarize, these results suggest that the total effect of the zerogf Taple 4 also suggest that the stabilization effect cannot be
point and thermal corrections on the relative stability of the sjmply interpreted in terms of the additional H-bonding to the
closed and open structures is not essential. O atom of the SiOSi bridge: a significant contribution to the

It is to be noted that the difference in the MP2/6-31G(d) extra stabilization energy is due to the,®i electrostatic
adsorption energy between the fully optimized closed and openinteraction with the nearest Si atom. This result further stresses
H20 (6a and 6b) and CHOH (7a and 7b) structures closely  the importance of the correct description of ti{8i) charge of
corresponds to that between the related constrained mek#els ( the OSIOH site in studying the discussed mechanism.
4b, 5a, and5b) (cf. Tables 1 and 3). This fact warrants our  To check the cluster size effect on the electron distribution
use of the constrained models for estimating the relative stability gn the adsorption site, we examined the Mulliken atomic charges
of the 2-fold and 1-fold H-bonded species. of the OSIOH site in the series of the SCF/6-31G(d) HOSI-

1.2. Electrostatic Interaction Analysis Ugliengo et al. (OX1)0Si(0X2) (X1 = H, Si(OH) and X2= H, Si(OH))
showed® that the pure electrostatic interaction plays the models. In agreement with the suggestion by Ugliengo &8al.,
predominant role in the moderate strength H-bonding. As a we assumed that for a molecular fragment in a family of alike
consequence, the successful use of small molecular models foisystems Mulliken populations should give a rough description
describing the H-bonding on oxidesnplies that an H-bonding  of electronic flows. The averaged absolute change of the
mechanism on an oxide should be mainly defined by the OSiOH atomic charges is0.02 au only, which conforms to
electrostatic interaction of the adsorbed molecule with “the site”, the insignificant change of the SCF/6-31G(d) binding energies
i.e. a very few nearby surface atoms. Therefore, below we of H,0 on the OSIOH site in this series (see above).
interpret the difference in the extra stabilization energy between | Table 4 we also report the electrostatic contributions to
the HO-HOSiH,0SiH; model used by Sauer et lnd the  the extra stabilization energy for the case of th@©kdsorption
extended HO-(HO);SIOSi(OH} model in terms of the differ-  on the geminal OH groups. The calculations were performed
ence in the electrostatic properties between the OSIOH adsorbingyith the geometry and PED charges (Table 5) of4¢h@nd4b

sites of these models. _ o SCF/6-31G(d) models, the numbering of the atoms of the
In Table 4 we compare the electrostatic contributions to the sj(OH), model corresponding to the scheme

H,O extra stabilization energy from the atoms of the OSIOH

site of the HOSIHOSIiH; and (HO}SiOSi(OH) models. The H1

calculations were performed using the geometry and PED 01 02
charges (Table 5) of the optimizdd, 1b, 2a, and2b SCF/6- >Sil< “H2
31G(d) models. The numbering of the atoms of the HQSIH Q3 3
OSiH; and (HO}SiOSi(OH)} models is shown in the following H3 H3
schemes

The comparison of the related contributions for th&®Hbn the
(Si)OSIOH and (H)OSIOH sites reveals a difference in the extra

Ei 02 04-14 Ei 02 3 stabilization mechanism between these structures. As distinct
Nsi1” Nsi2204-H4 Nsi1” Nsi2dH3 from the HO adsorption on the (Si)OSIiOH site, in the
37 \?3 NO5-H5 17 w2 “H4 adsorption on the (H)OSIOH site the stabilization effect is
H3 H3 mainly caused by the # interaction with the O atom of the

neighboring OH group, while the contribution from the Si atom
The data of Table 4 suggest that the difference in the extrais negligible. Also the difference in the geometry of the
stabilization energy between these models is mainly accountedexamined models conforms to this result (cf. the SCF/6-31G-
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(d) geometry of2a and4a, Figures 1 and 3). In comparison TABLE 6: Calculated and Experimental Frequency Shifts
with the (Si)OSiOH site, on the (H)OSiOH site the extra H-bond (€M™

is shorter by~0.2 A and the OHO angle of the OHne® 6-31L-+ MP2/
fragment including this bond is closer to the optimal8C° model CBS2 CBS3 G(d,pf CBSZ exptH
value by~10°. Both these differences in geometry strengthen ga1) Ay, (CH) -19 —19 —20 -1%
the extra H-bond but nearly eliminate the extra stabilization Av(CH;) —14 —-13 -16 -15
effect from the Si atom for the 4 on the (H)OSIOH site. As Av(OH)  (=74F (=72¢ (-108F -—180
a result, in spite of the difference in the electrostatic potential o) ﬁgﬂ?g& ) (65’)9 (‘i‘é)e (885)e 4%‘
between the (Si)OSiOH and (H)OSIOH sites which causes the sz(Cng 15 16 15 ”
above-mentioned difference in geometry, the total extra stabi- Av(OH) -1 -1 3 —39
lization effect on both the sites is approximately the same. Our AS(OH) 3 3 -2 =2n
analysis of the Coulombic interactions in the SCF/6-31G) 8b[8b] Av,{CHy) 11 11[9] 9
3b, 5a and 5b models shows similar peculiarities for the AvgCHy) 17 16[12] 11
mechanisms of the G®H stabilization on these sites. The 8c ﬁva&c"@ 25 23
; - v{(CHa) 26 24
found difference between the 2-fold H-bonded species on the 8d[8d] Aw(CO) 18[14] 14

isolated and on the geminal OH hydroxyls agrees with the With respect to free CHOH v,(CHy) — 3311 e, v(CH)
i - i0Si 2 Wi v, = » v(CHg) =
Euglgestlt?n .bytﬁg“‘fr?gto ?tt?'tg%g‘e SIOSi oxygen should 515" 1™ OH) = 4190 cm™and S(OH) = 1480 cm?, free
€ 1ess basic than that of the S10R group. CHsOCH; v, {CH,) = 3306 cnT andv(CHs) = 3181 cnt?, and free
According to our results, the main features of the studied CO »(CO) = 2432 cn! frequencies? With respect to free C¥OH
mechanism are accounted for by the interaction of the adsorbedv,{CHy) = 3261 cn?, KS(CH3) = 3147 cmt, »(OH) = 4191 cm?,
molecules with the very small group of nearby surface atoms, a,”f (§§|—(|C;H) gzéf(:? n&m Igﬂl;encé%sgo\/\gmlres{z)eﬁ; to ;g%iﬁ'j
) ; e e y iV ) = , ¥s(CHa) = , Y = :
i.e. with t_he ac;lsck)lrblng IS|te.I This fact fl;]rtherhsuppodrtsl_the t;aﬂc a?‘ldé(OH) ~"1384 c? frequencies With respect to free CKDH
assumption of the molecular approach to the modeling of the ., (ci1y'Z 3005 cnr?, 14(CHs) = 2848 cnT, »(OH) = 3667 cnt,

a

adsorption on oxides. At the same time, considering the long- and(OH) = 1348 cnt. ¢ Used for qualitative analysis only (see text).
range character of the Coulombic interactions, the contribution f Reference 31¢ Reference 41" Reference 40.Reference 18.Ref-

to the binding energy from the rest of the models is not erence 43.
negligible (Table 3). This means that in the real system, due
to the heterogeneity of silica surface, the contribution from the
rest of the surface should cause some variation of the binding
energy but should not change the general adsorption mechanism 2.03
defined by the site. The small change of the HOSIi(QXBi- -
(OX2); binding energy in the series (X% X2 = H) < (X1 =
Si(OH), X2 = H) < (X1 = H, X2 = Si(OH)) < (X1 = X2 (1
= Si(OH)) supports this suggestion (Table 2).

PED models can provide only a rough description of the
adsorption interaction®. Even considering the fact that H-

(2)

8a

bonding is basically related to electrostatic interactit¥sthe 8b
simulation of the electron density of molecules by simple

monopoles centered on nuclei position is rather crude. However,

in agreement with a conclusion by Ugliengo et?&bbur results

suggest that for closely related complexes the errors are very 2.45 7

systematic. Therefore, although the PED models overestimate ) 168 -

the extra stabilization energy by—20 kJ/mol compared with

the ab initio models (cf. Tables 1 and 4), they reproduce and

reasonably explain the relative capacity of the models for the

extra stabilization. We suggest that the overestimation is mainly

caused by the error in simulating the electron density on the O

atoms. According to the results for similar compleXes 8c 8d

quantitative description of the Coulombic interactions involving Figure 5. Methanol dimer, molecular models of dimethyl ether on
OH groups requires a more sophisticated modeling of the gjjica and zeolitic OH groupé, and molecular model of carbon monoxide
electron density on oxygen by centering two more charges on on the silica OH group. H-bond lengths in angstroms at the MP2/6-
the “lone pair” siteg? 31G(d) level.

To Summarize, our ab initio calculations and electrostatic menta|AV(CH3), AV(OH), andAé(oH) frequency shifts of CH
energy analysis suggest thag®and CHOH adsorb on silica OH linear dimer in matrix isolatio®4%41and of CHOCHs on
hydroxyls by the 2-fold H-bonding mechanism, forming the the silica and zeolitic OH group&with the corresponding HF
extra H-bond to the O atom of the SiOSi or SiOH (|n the case harmonic frequency shifts of the GaH dimer Ba) and of the
of the coordination on geminal OH groups) nearby site. CH3OCH;z+Si(OH), (8b) and CHOCH:(HO);SiOHAI(OH)s

2. Frequency Analysis. 2.1 Frequency Shifts: Basis Set, (8c) models (Figure 5). The calculations were performed with
Electron Correlation, and Model Size EffectAlthough errors a combined basis set (CBS2): the 6-31G(d,p) basis set
in the computed HF force fields are not insignificant, the HF for the methanol OH group, the dimethyl ether oxygen, and
harmonic frequency approximation correctly describes the the interacting OH groups of the Si(OHand (HO}SIOHAI-
intramolecular frequency shifts upon interactf§i8343%s for (OH); and the 6-31G(d) basis set for the rest of the complexes.
the same fragment in different chemical environments these The deviation between the computed and experimentéCHs),
errors are quantitatively systematfc.To illustrate this fact for Av(OH), andAS(OH) shifts are 3 (average), 2, and 5 ¢in
the involved frequencies, in Table 6 we compare the experi- respectively (Table 6). Considering the possible frequency shifts
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TABLE 7: Frequencies of 2-fold Hydrogen-Bonded
CH30H-Si(OH), Complexes Computed with Full Geometry
Optimized (7a) and under the C; Symmetry Constraint (5a)
(cm™) 0
SCF/6-31G(d) MP2/6-31G(d) 232
7a 5a 7a 5a
vedCHy) 3310 3310 3226 3228
v§(CHa) 3198 3197 3093 3089
»(OH)? (4059) (4078) (3667) (3721)
O(OH)? (1538) (1531) (1465) (1451) 3
a . . Figure 6. Molecular model of methanol on the Naite of zeolites.
Used for qualitative analysis only (see text). Bond length in angstroms at the SCF/CBS2 level.

of a few cn1! due to the matrix isolatid¥ and the accuracy of  TABLE s: AS(OH) Shift of Methanol Interacting through
the experimental measurements of a few &mve regard this the Oxygen (cnt?)

agreement between the theoretical and experimental data as a AS(OH)
very good one.

To check the basis set and electron correlation effects on the CH;OH in NaZSM-5 zeolite N

. . CH3OH in KZSM-5 zeolite 3

calculated shifts, the CG¥H dimer was recomputed at the SCF/ 8a(2) 3
6-311++G(d,p) and MP2/CBS2 levels; neither the extension 9 3¢

of the basis set (cf. CBS2 and 6-32+G(d,p)) nor the inclusion
of the electron correlation (cf. CBS2 and MP2/CBS2) affect
significantly the results (Table 6). Therefore we suggest the 6 allow the derivation of some important qualitative depend-
CBS2 shifts to correspond to the theoretical limit of the encies of the frequency shifts on the hydrogen-bonding mech-
harmonic approximation within a few crh anism. First, as shown in refs 11 and 12, a hydrogen bond
CH3OCHzSi(OH), (8b) was calculated also with a smaller  which causes a decrease of the electron charge on thgiGtp
combined basis set (CBS3): CBS2 basis set for the adsorbed8a(2), 8b, and 8¢) leads to an increase of thé(CH,) and
molecule and the interacting SiOH fragment and the 3-21G basisy(CHj) frequencies and vice vers8g(1)). Second, while the
set for the rest of the complex. This simplification of the (OH) and 5(OH) frequencies of the proton donor @BH
description nearly does not change the computed shifts (Table(8a(1)) are known to shift noticeably to lower and higher
6). Therefore, to lower the computational cost, we calculated frequencies, respectively;*04147those of the proton acceptor
extended models of GJOCH; and CHOH on the OSIOH site CH;OH (8a(2)) are nearly insensitive to the hydrogen bonding.
with the CBS3 basis set (see below). (This was noticed also in a theoretical study by Ugliengo et
To check the model size effect on the calculated shifts, we al19 These data together with the experimental IR data on
recomputed CEDCHs on the silica OH group&p) with the CH30OH in NaZSM-5 and KZSM-5 zeolité&4°and our results
CH3OCHsHOSI(OX)s (X = Si(OH)) model @b’). This on the simplified CHOH-[NaOH-2H,0] model ©, Figure 6)
inclusion of the second coordination sphere of silicon atoms of CH;OH in NaZSM-5 zeolite (Table 8) allow one to state
with respect to the interacting OH group improves the results: that a coordination of CkOH through the oxygen should only
the overestimation of the experimentab,(CH,) and Avs slightly influence the3(OH) vibration in the general case, the
(CHg) shifts by 2 and 5 cm' decreases to 0 and 1 cf 8(OH) band being very sharp and falling in the narrow 1345
respectively (Table 6). Also in describing CO on the silica OH 1360 cn1? spectral region (cf. IR spectra in refs 48 and 49, for
group such extension of the model causes a similar effect: theexample).
overestimation of theA\v(CO) = 14 cnt? shift*3 by 4 cnr?! According to these dependencies, one should expect that if
decreases to 0 cm on going from the CEBi(OH), (8d) to CH;OH interacts with the isolated silica OH group as a proton
CO-HOSI(OX); (X = Si(OH);) model @d’) (Table 6). Ac- acceptor, as proposed by Ugliengo e%#.then upon CHOH
cording to the linear dependence of the frequency shifts of probe adsorption on hydroxylated silica
molecules on the adsorption interaction strerfdth® these (a) the vad{CHs) and v{CHs) bands should shift to higher
results suggest that the Si(QHthodel of the isolated OH group  frequencies;
somewhat overestimates the interaction strength, while the (b) the very sharp band of ti§OH) mode should appear in
extended HOSI(OX) (X = Si(OH)s;) model provides a better  the 1345-1360 cnt? region.
description. Therefore, when calculating the frequency shifts  However, as follows from experimental IR data (see below),
of CH3OH on the isolated OH group (see below), we used the this is not the case.
extended ChOH-HOSI(OX)0Si(OX); (3a) and CHOH: 2.3 Analysis of Experimental IR DataThe Av(CHz), Av-
HOSI(OX)s (3b') (X = Si(OH)s) models for the closed and open  (OH), andAd(OH) shifts of methanol on the silica OH groups
structures, respectively, containing the second coordination are of prime importance for our determination of the adsorption
spheres of silicon atoms with respectm to the OH and O mechanism. Therefore our assignment of the related experi-

a Reference 48° Reference 495 CBS2.

interacting sites of the surface. mental frequencies deserves a separate comment. As suggested
In Table 7 we report thev(CHs), v(OH), and 6(OH) in ref 17, the first methanol doses admitted on silicalite and

frequencies of the 2-fold hydrogen-bonded {Cit-Si(OH), silica outgassed al > 800 K react with the edge-shared

complex computed with full geometry optimizatioraj and tetrahedral defects (structuie)

under theCs symmetry constrain&g). The symmetry constraint

insignificantly influences the(CHs) frequencies and does not o on (?/CH3

change strongly the(OH) andd(OH) frequencies. This result Nes AN/ . .

justifies theCs symmetry imposition for reducing the compu- /Sl\O/Sl\ * CHOH = /:?{o/?{

tational cost in our calculations. 12 13

2.2 Frequency Shifts: Dependence on the Adsorption Mech-
anism The calculated and experimental data presented in Tableand with the strained siloxane bridges (structl#g
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_CH
oo (PH (P 3

Y 88+ CH3OH — 51 5

14 15

b

29]50
producing isolated (structufed) and hydrogen-bonded (structure
15) SiOCH; methoxy groups. The isolated SiOgigroup
manifests itself bywad{CHz) = 2997 cnt?, v',(CH,) = 2959
cm1, andv{CHs) = 2857 cnt! band$>1718.3248Figure 7).

We first assigned the CH stretching frequencies to the hydrogen-
bonded SiOCH group?’ from IR data and calculation results
we inferred that the’,{CH,), v',{CH,), andv{CHz) bands of

this species should be shifted 20 cnT? to higher frequencies
with respect to the corresponding 2997, 2959, and 2857:cm
bands of the isolated SiOGHyroups; they should also be

2994; ; E;
|
broadened due to the structural inhomogeneity of this species.

6
2960 2845
5
. d
The electron mechanism of these shifts is analogous to that of
the upward Av,{CH;) and Avs{(CHs) shifts of the proton
acceptor CHOH and CHOCH; molecules (see above). Only o
the broadv,{CH;) = 3020 cnt! band of this species is >
observable as a high-frequency shoulder of the 29971cm 6 o0
band}” while the v',{CH,) and vs(CHs) bands, expected at . s i
~2980 and~2880 cn1?, cannot be distinguished among other X N sge
sharp bands in the complex 3002860 cnt! spectral region. 10 8
When the very active edge-shared defects and strained siloxane
' 2600

Absorbance

bridges are used upon successive increase of the coverage, the
adsorption takes place on the OH groups. As Sneh and George

showed?? at this stage CBOH initially forms 1:1 hydrogen- 3600 3200 2800 3000

bonded complexes with the silica hydroxyls. This 4CHH Wavenumbers cm™

species gives rise to thg(CHs) band at 2845 cm and causes  Figure 7. IR spectra of methanol on silicalite (from ref 17). (a)
downward shifts of the,(CH,) = 2997 cnt! andv',(CH,) = Spectrum 1: silicalite outgassed at 773 K. Spectr®2 increasing

2959 cnT bands by 3 and 9 cm, respectively (Figure 7). The  number of doses up to GBH pressure (2), 50, (3) 20(4) 5 x 10,
appearance of thes(CHz) = 2845 cn? band is accompanied ~ (5) 1@, and (6) 2x 10 Pa. (b) Extended view of the CH stretching
by the appearance of a sharp band at 3632%camd a broad region of (a) (after background and hydrogen-bond band tail subtrac-

- - tion). (c) Effect of outgassing. Spectrum 6 corresponds to spectrum
band at 1390 cnt (Figures 7 and 8). We assign them to the 6 of (a). Spectra711: effect of decreasing GH pressure to (7)

v(OH) and 6(OH) modes of the hydrogen-bonded species, 5 . 1¢, (8) 1¢%, (9) 50, (10) 20, and (11) 5 Pa. (d) Extended view of
respectively. The 2845 and 3632 chibands were also detected  the CH stretching region of (c) (after background and hydrogen-bond
in very thorough IR investigations of the GBIH adsorption band tail subtraction).

on silica by Borello et at>1®and attributed to thesCHs) and
v(OH) vibrations of methanol on the OH groups. The changes
of the spectra upon the progressive desorption (Figures 7 and
8), which removes the hydrogen-bonded species, supports this
assignment of IR bands to GBH on silica OH groups.

Three important conclusions follow from these experimental
data on the basis of the above-mentioned dependencies of the
frequency shifts on the adsorption mechanism:

1. No sharpd(OH) band appears in the 1348360 cnt?
region upon the adsorption (Figure 8). This fact disagrees with 5
the suggestion by Ugliengo et &1° that CHhOH stabilizes on //V\/\ . )
the isolated OH group through the oxygen only, i.e. that the & 3 °
hydrogen of the methanol OH group remains nonbonded and 1500 1300
its in-plane COH bending vibration is unperturbed. Wavenumbers cm™"

(2) Also theAv,(CH;) = —11 cnT?, Avg(CHg) = —3 cn1?, . . )

= . . Figure 8. IR spectra of the CH stretching region (from ref 17). (a)
andAv(OH) = —35 'cm‘l shifts of the C"\iOH with respectto | creasing number of CYOH doses. Spectra correspond to spectra
the free methanob,{CH;) = 3005 cm>=, v(CHg) = 2848 2—6 of Figure 7. (b) Effect of outgassing. Spectral® correspond
cm%, andv(OH) = 3667 cn1! frequencie¥“are at variance  to spectra 610 of Figure 7.
with the assumption of the G@H 1-fold hydrogen bonding
as a proton acceptor. The{CH,) andv{CHz) bands of a . . 047
proton acceptor COH should undergo upward, not downward, () according to experimental IR date’®“’the upwardAo-

shifts. As to thev(OH) frequency, according to Ugliengo et (OH) =42 cnt! shiftis an indication of the interaction of GH
al10 and our results (see above), in this mechanism it should OH as a proton donor. At the same time both IR #atel and

change by a few cni only. energy calculation resuft$®1217 suggest the silica hydroxyls
(3) The following features of theAv(OH) and AS(OH) to be involved in the interaction as a proton donor too. To

frequency shifts suggest the 2-fold hydrogen bonding of-CH explain this fact one should assume that thesGH acts

OH on the OSIOH site: simultaneously as a proton acceptor toward the SiOH group

1450

Absorbance
*
% 1450
] ~N )

B 1
1500 1400
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TABLE 9: MP2/6-311++G** Avy(OH) Shift of DOH in
Optimal and Strained DOH-OD, Dimers? (cm™1)

OOH-+0 Av(OH) AS(OH)

10a 183 -117 60

10b 150° —74 55
140° —44 45
130° —28 39

aWith respect to free DOH(OH) = 3947 cni! and 6(DOH) =
1427 cn1* frequencies.

10a 10b

Figure 9. Optimized and strained DOHOD, dimers computed at
the MP2/6-31%+G(d,p) level. G-H---O angle of strained dimer is
14C°. H-bond lengths are in angstroms.

TABLE 10: Frequency Shifts of CH3;OH on the OSiOH
Site? (cm™1)

model AV, (CH)  Av(CHs)  Av(OH)  AS(OH)
3gb —-16 1 758 (53F
3b'b 5 12 3 -3
exptFd -11 -3 -35 32

aCBS3 basis set (6-3#1G(d,p) basis set for oxygen participating
in extra H-bond in3a). ® With respect to free C§OH v,{CH,) =
3311 cn?, v(CHg) = 3192 cn1?, »(OH) = 4190 cnT?, andd(OH) =
1490 cm! frequencies® With respect to free CE¥OH v,{(CH;) =
3005 cnt?, v(CHg) = 2848 cn1?, »(OH) = 3667 cnT?, ando(OH) =
1348 cnt? frequencies? Reference 17¢ Used for qualitative analysis
only (see text).

and as a proton donor toward a nearby oxygen of the surface,

i.e. by the 2-fold hydrogen-bonding mechani&21?
(b) although theAd(OH) = 42 cnt!is comparable with the

AO(OH) shifts of methanol upon hydrogen bonding of moderate

strengtht14047 the Av(OH) = —35 cnt! is too small to be

accounted for by the formation of an ordinary moderate

hydrogen bond. The fact thahv(OH)|/|A6(OH)| < 1, while
usually|Av(OH)|/|A6(OH)| = 2,*” can be accounted for by the
2-fold hydrogen bonding, i.e. by the formation of a straine

cyclic structure. As an example, in Table 9 we report the

calculated MP2/6-31t+G(d,p) Av(OH) andAd(OH) shifts of
the proton donor DOH molecule in optimal and strained BOH
OD, water dimers 10aand10b): the O—H---O angles of the
three calculated strained dimers were fixed at°13@(C, and

13 during the optimization. (The deuterated molecules were

used to exclude the coupling effect between theHDoscilla-
tors.) The deviation of the ©H---O angle from the optimum
value by more than-40° (the corresponding deviation for the
MP2/6-31G(d)3amodel is 47) leads to the unusughv(OH)|/

Pelmenschikov et al.

12 cnt?! shifts contradict the experimental shifts of the
v, {CH,) andv4{(CHs) bands to lower frequencié&:'8 Unlike

the 3b" model, the3a model of the closed C¥DH structure
shows very good quantitative agreement with the experimental
Av,{CH,) and Av{(CHj) shifts and qualitative agreement with
the experimentalAv(OH) andAJ6(OH) shifts.

Conclusion

Two conflicting theoretical interpretations of the adsorption
of water and methanol on silica hydroxyls have been proposed
by ug 111217 and by other authors®19 The contradiction
emerged due to the choice of different molecular models and
ab initio approximations, and also due to the fact that in our
studies we sought an adsorption mechanism which can satisfy
results of both energy calculations and frequency analysis, while
in refs 1-8 and 10 the most informative experimental IR data
on the involved interaction were ignored. In order to resolve
the problem, we have revised our previous conclusighs-17
and those of refs 48 and 10 using more sophisticated
theoretical approaches.

The energy calculations of molecular models suggest that both
H,O and CHOH stabilize on the isolated silica OH group by
means of two hydrogen bonds: the adsorbing molecules act as
a proton acceptor toward the silica OH group and as a proton
donor toward a nearby SiOSi bridge of the surface. The
calculations predict these adsorption species to be more stable
by ~8 kJ/mol than the 1-fold hydrogen-bonded@and CH-

OH structures proposed in refs-8 and 10, with the adsorbed
molecules acting toward the OH group exclusively as a proton
acceptor. When stabilizing on the geminal silica OH groups,
H,0O and CHOH can form the extra hydrogen bond not only
with the nearby SiOSi bridge but also with the nearby OH group.

The analysis of the experimental frequency shifts oOH
upon the adsorption reinforces the energy calculation results:
the 1-fold hydrogen-bonded GBH species disagree with the
observedAv(CHg), Av(OH), and Ad(OH) shifts of methanol
on silica hydroxyls, while the 2-fold hydrogen-bonded species
is in good agreement with the experimental IR data.

The checks of basis set, electron correlation, and model size
effects on the computed adsorption energies and frequencies

g Support the reliability of our results. The analysis of the

electrostatic interactions in the;8-HOSiH,OSiH; model used

in ref 8 suggests that this model is not adequate for studying
the mechanism in question. The inadequacy mainly results from
a significant underestimation of tligSi) charge of the Si atom
bonded to the adsorbing OH group, due to the not realistic
chemical coordination of this Si atom in the model compared
with its pure oxygen surroundings in silica. Considering the
prevailing role of the Coulombic interactions in the moderate
strength H-bonding, the use of such models for examining small
differences in binding energy between hypothetical adsorption
mechanisms is doubtful.

|AO(OH)| < 1 ratio. We suggest that in comparison with the
optimal structure in the strained one the OH stretching/bending
vibration of the proton donor OH group is accompanied by the
smaller/larger change of the hydrogen bond length (Figure 9),
which weakens/strengthens the hydrogen-bonding effect on the;
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