An ab initio study of solvent shifts in vibrational spectra
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Using analytical second derivatives of the generalized conductorlike screening (Ga&@SMO

we calculate vibrational frequency shifts for several molec(destone, methylamine, formic acid,
acetic acid, and trans-NMAsolvated in water. In these calculations, results from dielectric
continuum approach with and without several explicit water molecules are compared with
traditional supermolecule approach. The simple GCOSMO model, where all solvent molecules are
treated as a continuum medium, reproduces quite accurately solvent shifts in solutes having
moderate hydrogen bondings with water, such as acetone and methylamine. To represent strong
solvent effects in formic acid and acetic acid, one should add at least one explicit water molecule
in GCOSMO calculations. Solvent effects on solute structure correlate well with frequency shifts.
Geometry optimizations and frequency calculations in the GCOSMO-supermolecule approach
require only 10%—-20% more computational effort than similar calculations in the gas phase.
Therefore, this method provides a promising and effective tool for studying reactivity, structural,
and spectroscopic properties of realistic solutes. 1996 American Institute of Physics.
[S0021-960606)02032-9

I. INTRODUCTION classical molecular dynamics simulation of the solute inter-
acting with several hundred water molecules.
Vibrational frequencies provide important information In the dielectric continuum approackfor a recent re-

about chemical bonding in solutions and solute—solvent inview, see Ref. 18 the dielectric polarization effect is mod-
teractions. Currently there are two major theoretical ap<elled by approximating the solvent as a uniform dielectric
proaches forab initio calculations of vibrational spectra in medium. An important progress was achieved in the Self-
solutions. In thesupermolecul@pproach, a solvated system Consistent Reaction Field Methdd® based on the Onsager
is modeled by a molecular complex of the solute with a smalolvation model. Analytical first and second derivatives are
number of solvent molecules in vactidlthough analytical ~ available for this method, so that geometry optimization and
first and second derivatives are available for efficient geomfrequency calculations can be performed quite effectively
etry optimization and frequency calculatichthe large size (Se€ also Ref. 16 In this approach, the solvent is placed
of the quantum mechanical system makes these calculatioffgSide @ spherical or ellipsoidal cavity in a homogeneous

rather expensive and prohibits use of large basis sets arflielectric medium and the charge distribution of the solute is
high levels of theory. These restrictions usually result in@PProximated by a multipolar expansion. The use of spheri-
cal and ellipsoidal cavities is not justified for most solutes.

large 10%—20% errors in calculated vibrational frequenciesr\/Iore general cavity shapes can be employed with the use of
This problem was addressed by introducing sbaled guan- reaction field factors! This approach allows for efficient

tum mechanical force fieldSQMFP methodology within calculations of first energy derivatives and geometry

the supermolecule approach. In such calculations some of .. .~ - .
b PP optimization*® however, no applications of second deriva-
calculated force constants are scaled to reproduce expey

| data for both h 4 sol d spAdital fves were reported thus far. An accurate self-consistent de-
mental data for both gas phase and solvated sp Bl- scription of the solute charge density in realistic molecular-

though this scaling procedure allows one to obtain valuablghape cavities is provided by the Polarizable Continuum
information about the solvent effect on the molecular forceyyoqel (PCM) developed by Tomasét al’® However, the
field, the predictive power of such calculations is limited. In character of the PCM equations results in a quite compli-
the supermolecule method, hydrogen bonds with neighboringated form for the analytical first and second energy
water molecules are represented quite accurately; however,derivatives’®?! This makes it rather difficult to optimize the
is difficult to take into account the long-range polarization ofgeometry of the solvent and calculate vibrational frequen-
the solvent due to the large number of explicit water mol-cies. Up to now, vibrational spectra of only small model
ecules required. A related approach was employed in Refsolutes, like HF and kD, have been studied by the PCM
11 and 12 for studying vibrational spectrum of hydrated gly-method using numerical second derivati&s*
cine zwitterion where the intramolecular force field derived Recently, we proposed ttab initio generalized conduc-
from ab initio calculation of isolated solute was coupled with torlike screening mode{lGCOSMQ?*~? which is a gener-
alization of the semiempirical COSMO model suggested by
30n leave from: The Institute of Chemical Physics, University of Latvia, 19 Klamt and Schurmann?g Similar FO the_ PCM mqqeL
Rainis Blvd., Riga, LV 1586, Latvia. GCOSMO uses exact solute potential derived fralninitio
Author to whom correspondence should be addressed. self-consistent calculation of the solute inside a molecular-
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shape cavity. The boundary conditions of the GCOSMOhave quite different strengths of hydrogen bonding with wa-
model provide a good approximation to the exact Poissoiter ranging from moderatéacetong to very strong(formic
boundary conditions of the PCM model; however, as deacid. This gives an opportunity to study both dielectric po-
scribed earlier, the GCOSMO approach offers significantarization and hydrogen bonding effects for qualitatively dif-
computational advantages as compared to the PCM. Mogéerent solvent—solute interactions of various solute func-
importantly, first and second energy derivatives can be calional groups. Finally, trans-NMA is the simplest model of
culated in a simple and effective maniiThis opens new the peptide bond and therefore attracts much interest in both
possibilities for routine geometry optimization and frequencytheoretical and experimental biological chemistry.
calculations for rather complex solutes. In Sec. I, we present basic equations for GCOSMO cal-

The major drawback of all dielectric continuum models culations of the free energy and its first derivatives in polar
is the neglect of specific hydrogen bonds between the solutgolvents®>?° We also derive expressions for the second en-
and solvent molecules. On the other hand, the supermolecu&fgy derivatives which are useful for calculating vibrational
approach disregards the dielectric polarization of the solvenfrequencies. In Sec. lll, results of frequency calculations are
Both these effects play an important role in structure andompared for different representations of the solvent: dis-
vibrational spectra in solutions and should be taken into accrete, continuum, and discrete—continuum. These results are
count self-consistentl$?~3® Furthermore, electron correla- discussed in Sec. IV where we focus on solvent effects on
tion effects should be properly represented if one is interstructure and vibrational frequencies and relationships be-
ested in quantitative prediction of vibrational spectra in bothtween these properties. Conclusions are summarized in
gas phase and solution. Sec. V.

The above considerations suggest the following main
features for any realistic theoretical model designed to study
vibrational spectra in solutions. First, a sufficient number of;; GENERALIZED CONDUCTORLIKE SCREENING
explicit water molecules should be included in calculation inyopEL (GCOSMO)
order to represent strong specific solute—solvent hydrogen _
bonds. Second, dielectric polarization effects should be takeft- Energy and gradients
into account, for instance by placing the supermolecular The essence of the GCOSMO method is first to deter-
complex inside a molecular-shaped dielectric cavity with anmine the surface chargegr) on the surfaceS of the mo-
appropriate dielectric continuum boundary condition. Such decular cavity in the case of a screening condugtbe di-
boundary condition must be suitable for efficient calculationelectric constant=) from a boundary condition that the
of the first and second energy derivatives with respect taotal electrostatic potential on the surfa8és zero,
nuclear coordinates. Third, extended basis sets should be

used and electron correlation effects should be taken into Zi p(r’) d3r’+f o(r’) 42’ =0
account for accurate representation of the solute charge den- < [r—R;| Jv [r—r’| s|r—r’| '
sity, force field, and interactions with both discrete and con- (1)

tinuous solvent.

To meet these challenges, in this paper we use th
GCOSMO dielectric continuum model in conjunction with
discrete representation of several water molecules. In co
trast to previous approaches relying on HF-based method
we use here nonlocal density functional theory which ha .
been proven accurate and eﬁ)‘gcient in studyingyground statctor of f(e)=(e—1)/¢ to satisfy the Gauss theorem for the

properties of molecules such as geometry and vibrationatPtal surface charge. For polar solvents, like water, this is a

frequencies*3® However, our main interest is not in abso- ?ggd approximation to the exact Poisson boundary condi-

lute values of vibrational frequencies in solution—their ac- ! In the bound | t method. th i bounda
curate calculation requires rather sophisticated correlated 'n the boundary element method, the cavity boundary
divided intoM surface elements with are§S,}, and sur-

levels of theory and sufficiently large basis sets. We are morfS h density at h surf | i imated
interested in assessing the accuracy of the GCOSMO solv ace charge density at each surface element IS approximate

tion model in the calculation of frequency shifts. as a point chargdg,}, located at the center of that element,

The main purpose of this paper is to assess the accura%}' rllnb;hls approximation, the vector of surface charges is

of the method outlined above and to demonstrate importa
effects of both specific hydrogen bonds and dielectric reac- = —f(¢)A1(Bz+0¢), 2)
tion field on hydration shifts of vibrational frequencies. To

do this we have performed frequency shift calculations fowherez is the vector ofN nuclear charges anél, B, andc
acetone, methylamine, formic acid, acetic acid, and trans-Nare MXxXM, M XN, and M X1 matrices, respectively, with
methylacetamidéNMA). Several considerations determined matrix elements defined By

g/herer is onS, p is the solute electron density, andandR;

are the nuclear charge and position vector of solute atom
rEor a dielectric medium specified by the dielectric constant
, actual surface charges are then determined approximately
Yy scaling the screening conductor surface char@e by a

this choice of solutes. First, comparison of our results with 1 7
. . . aa
reliable experimental and _theoretl_cal data for both gas phase Ap=r— for u%v, and A,,=1.07 / )
and hydrated molecules is possible. Second, these solutes ty—t,| Sy
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1 whereAGg is given by Eq.(6).
Bui:|t "R’ 4 Differentiating this equation with respect to a nuclear
. coordinatex and using the surface charges from E2), we
r obtain
Cy=— |rp£t)| der. (5) .
u JE H,, 1 A uN||vo)
Alternatively, these surface charges can be determined by 522 P;WW“LE % PM,,P)\(,-T
variationally minimizing the total electrostatic solvation en- Ao
ergy 3S,, 0En, . B
1 2 W,y ot e
AGada)=2'B'a+c'a+ 575 a'Ad (6)
i, 1 ; OA
with respect tog (T denotes matrix transpositipn +% Pro At 554 @ (13
By expandingc, given by Eqg.(5) in a basis set, we
obtain whereW,,, is an energy-weighted density matrix containing
solvent effects. The four first terms in E@.3) are the same
CU:E Pw'-iw (7) as for the HF or Kohn—Sham theory for a molecule in
pv vacuo?*® The last three terms in Eq13) are due to the
where electrostatic solvation energy. Derivatives of matriéeand
B were calculated in Ref. 26, angl.[ /dx are similar to
u 1 derivatives of nuclear attraction integrals.
LM=—<M 1, V> )

B. Analytical second derivatives

are one-electron integrals similar to those used for calcula- ¢ gptain analytical second derivatives of the GCOSMO
tion of the electron—nuclear attraction, ag, is the density  model for frequency calculations, it is not appropriate to dif-
matrix which includes solvent effects. The total free energyerentiate formally the expression for first derivatives in Eq.
of the whole system(solutetsurface charggsin the (13 gych differentiation is valid only in the case of pure
Hartree—Fock approximation is then given by equilibrium solvation; however, the solvent response on sol-
ute vibrations has contributions from both equilibrium and

Etor= 2 [P, (H%,+H5 )+ 3P, (G, +G3,)] nonequilibrium solvation effectS. The solvent dielectric re-
mr sponse on solute vibrations can be approximately divided
— 1 f(e)2"BTA"BZ+Epn+ Enonels (9) into two components: electroni¢fas) and orientational

(slow).3” The fast component is mainly due to the electronic
whereE,, is the solute nuclear repulsion aBgl,,.iS the  polarizability of water molecules. Macroscopically, this part
nonelectrostatic part of the free energy of solvation that in-of polarization is described by the high-frequency dielectric
cludes the dispersion, repulsion, and cavity formation contriconstante,,, and corresponding polarization field instantly
butions. HereHz,, andew are, respectively, the one-electron adjusts itself to the charge distribution of the solute. In the
and two-electron parts of the Fock matrix for isolated solute GCOSMO approach this part of polarization is described by
The solvent contributions to these operators are expressed te “electronic” surface charge density, =[(e.,—1)/eglo

s _ — (see, for instance, Ref. B8vhereo is the screening conduc-
Hu=—1(e)ZB AL, (10 tor charge density. The slow polarization component corre-
sponds to reorientational movements of water molecules
waz —f(s)( 2 PMLI(,)AlLW. (11 with low characteristic frequencies. For high-frequency sol-
o ute vibrations, this part of the surface charge density
In the density functional approach, a similar expression foioor=[(g0—1)/eg]o— 0 can be assumed fixed. Moreover, the
the free energy is valid if the exchange part of the operatophape of the cavity, which is determined by the positions of
wa is replaced with the density-dependent exchangewater molecules around the solute, can be assumed fixed as
correlation potentiat? well. The situation is more complicated for low-frequency
The major contribution to derivatives of the free energy(a@bout 100 crii* and lowej solute vibrations. In this case,
(9) for polar solutes comes from three firgtlectrostatiz  the shape of the cavity is no longer fixed and there is a part
terms on the right-hand side of E€).2° For nonpolar and ©f the orientational polarization which follows solute vibra-
hydrophobic solutes, derivatives of the nonelectrostatic soltions. In the GCOSMO approach the dynamical behavior of
vation energy may become importafithowever, they are the cavity and surface charges is reflected in a prescription
neglected in the present work. The electrostatic part of théhat is used to calculate derivatives of the matkand the

free energy can be rewritten as surface chargeg. Taking full derivatives of these terms cor-
responds to the equilibrium solvation. This approach should
E=E [PWH?WWL L PMVG(,),,V]ﬁLEnnﬁLAGels, (12) be tak_en when studying static properties, such as adlgbgtlc
v potential energy surfaces. However, an accurate description
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of dynamical phenomena, such as solute nuclear vibration§ABLE I. Vibrational frequencies and solvent shifis cm™?) for acetone.
requires rather complicated frequency-dependent prescrip=

. . R . Gas phase frequencies Solvent shifts
tion for calculating derivatives of the matrik and surface P d
charges. Mode GCOSMO  Free
. . . i b b
In this paper we adopt a simpler approach to this prob@ssignmerit Expt”  B3LYP  Expt’ GCOSMO +H,0  +H,0
lem. First, we are mostly interested in solvent effects oma” cct NO 59 NO 57 51 50
rather high frequency modes. Thus, the orientational part of” CC't NO 140 NO 45 37 30
surface chargegmore than 90% of the total surface charge A’ €O sd 385 3r7 12 14 18 9
and the shape of the cavity can be safely assumed to be fixeﬁ, gg ?b ggg ggf 13 1; 21; 192
Second, our estimates show that derivatives of the “elecar cc g5 787 784 8 19 o5 10
tronic” surface charges make a much smaller contribution taa’ cc as 872 884 -9 7 9 3
the total second derivatives than the constant term. Therey' CHgr 891 888 17 19 23 15
fore, in our expression for second derivatives we simply ne&’ CHr 1072 1082 -2 12 13 8
glect derivatives of the surface charg@gmte that this ap- A, CH, r 1090 1118 ! 8 8 3
L . ) A’ CC as 1216 1235 19 27 35 17
proximation was also adopted in Ref. )2énd matrixA.  Arcpysd 1355 1385 4 12 14 5
Physically this corresponds to complete nonequilibrium sola’ cH,sd 1364 1392 3 12 14 10
vation, i.e., the solvent does not respond to solute vibrationg’ CH;ad 1410 1465 8 6 1 0
at all. Neglecting surface charge derivatives becomes legs CHsas 1426 145 —1 8 7 2
severe when explicit waters are added to treat strong squteA—,, Chyad 1435 -3 -3 -1 -3
lvent hydrogen bonding, since the cavity boundary moves, orec>  tao ez T 3 Lo
solvent hydrog ng, S -avity boundary R COs 1731 1798 -31  —49 -60  —26
farther from the solute in this case. Differentiating E#3) A’ CHj ss 2920 3035 0 -9 -8 2
under the above conditions we obtain the following expresA’ CHyss 2937 3042 10 -9 -7 2
sion A" CHzas 2972 3096 -9 -6 -5 1
A" CHgas 2972 3103 -2 -5 -4 2
PE > (?ZH?W > P(uN|vo) A’ CHyas 3004 3156 7 -13 -9 6
= P += P.Proe ——— A’ CH; as 3018 3158 -7 -13 -6 7
nv uvt Ao 3
IYIX v IYIX 2 e dyox Error 52 8 10 6
0
(725,w HP#V JH wy #Abbreviations:t=torsion, sd=symmetric deformation, adasymmetric de-
_E W,w EVE "’2 _ay X formation, b=bend, ib=in-plane bend, obout-of-plane bend, =rock,
ald ald s=stretch, sssymmetric stretch, asasymmetric stretch, wagwagging,
9P o )\” Vo) sc=scissors, twtwist; A’=in-plane vibration, A=out-of-plane vibration;
+ 2 my s NO=not observed.
wmo 0y o X bFrom Ref. 4, where experimental data for acetone vapour were quoted from

Ref. 51.
W, 3S,,  °Epn . . &°B'

_2 ya% ,uv+

+z
“ 9y ax  dyox ayox

q
puter progrant’ Additional cost for using the GCOSMO
aZLW’f P, aLWT model in geometry optimization and frequency calculations
+2 Py, ayox q+> 3y ox U (14 in solution is only 10%—20% of that for the free molecule.
* ® This allows us to use rather accurate description of the solute
The first seven terms in E414) are the same as for the gas wavefunction in this study. First, specific solute—solvent hy-
phase second derivativé$? and the last three terms result drogen bonds were taken into account by explicit consider-
from the solute—solvent electrostatic interactions. Positiongtion of (up to thre¢ nearest water molecules, and geom-
and values of surface charggshould be first determined by etries of all species were fully optimized using the Berny
GCOSMO geometry optimization. Then, second derivativeptimization algorithm. Their coordinates are available upon
can be calculated via E414) which has a simple interpre- request. Second, the 6-35G(d,p) basis set containing dif-
tation as the Hessian of a molecular species in the field ofuse and polarization functions was used in all calculations.
constant point chargeg. Due to this reason, Eq14) is  Third, we employed a nonlocal hybrid density functional
applicable also for calculating vibrational frequencies withmethod using the Becke’s three-parameter excH&nayed
the PCM model under approximations discussed above. Noteee—Yang—Parr correlatidhfunctionals(B3LYP). At this
that this approach leads only to determination of the centergvel of theory, the gas-phase experimental vibrational fre-
of vibrational bands. In order to obtain their shapes, ongjuencies are reproduced within 5% or better in calculations
needs to perform a Boltzmann averaging over numerous sobf molecules in vacugsee the third columns in Tables Il
ute and solvent configurations. Currently, such calculations/, and VI).
require rather simplified representation of the soldte. All parameters of the GCOSMO solvation model
(atomic radii, force field parameters for calculation of disper-
sion and repulsion energies, gtaiere chosen the same as in
our previous stud¢® These parameters give an acceptable
The GCOSMO model presented above was implementedgreement of the order of 1 kcal/mol with experimental hy-
in our locally modified version of the Gaussian 92/DFT com-dration energies for most neutral polar solutes.

C. Computational details
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TABLE II. Vibrational frequencies and solvation shift; cm™1) for me- TABLE IV. Solvation shifts(in cm™2) for formic acid calculated in free

thylamine. supermolecule model.
Gas phase Theory
frequencies Solvent shifts
Mode Free Free Free Free
Mode GCOSMO Free assignmerit Experiment +CHELPG +H,0 +2H,0 +3H,0
assignmerit Expt® B3LYP Expt® GCOSMO +H,0  +H,0
A’ CO sd 75 —46 71 82 87
A" CN t 264 307 NO 95 122 45 A" CO(H) t NO 111 256 272 280
A’ NH, wag 780 811 175 145 157 100 A" CH(ob) 30 —26 14 25 23
A" CHzr NO 973 NO 21 17 12 A’ COH) s 108 28 87 111 97
A" CN's 1044 1060 -—10 -5 —-17 -15 A"OHb 157 -12 92 106 100
A" CHsr 1130 1162 42 37 51 23 A’ CH ib 13 —15 46 51 61
A" NH, tw NO 1342 NO 11 8 -1 A"'COs —67 =77 —43 —66 —54
A’ CH; sd 1430 1459 -2 9 6 4 A'CHs 4 —-15 6 67 35
A’ CH; ad 1474 1496 -9 52 14 9 A" OH s NO —247 —401 —440 —508
A" CH; ad 1485 1531 -6 0 -1 —-11 Error 69 24 24 26
A’ NH, sc 1623 1668 —21 3 -6 -6
A’ CH, ss 2820 2063 2 26 42 50 “Abbreviations: see footnote a to Table I.
A’ CHyas 2962 3071 2 -2 16 29  °From Ref. 4.
A"CHyas 2985 3128 -5 -22 -10 7
A’ NH, ss 3360 3513 NO -27 -28 -11
A"NHpas 3424 3604 NO  —41 —44 -19 tions unambiguously. Therefore we do not intend to explore
Error 76 20 14 23

@Abbreviations: see footnote a to Table I.
SFrom Ref. 52.

‘Calculated as a difference between frequencies in aqueous solution mea-

sured in Ref. 6 and those from the gas phdsst column.

Ill. RESULTS

all conformations and restrict ourselves to qualitative discus-
sion of the solvent effects using one particular example of
trans-NMA shown in Fig. (e).

All calculated vibrational frequencies for free solutes

and their shifts in aqueous solution are listed in Tables |-VI
along with available experimental data. Positive values cor-
respond to the blue solvent shift. Note that vibrational modes
associated with water molecules are omitted. The first col-

In Fig. 1 we present the GCOSMO optimized structuresumns in these tables list mode assignments determined by a
for acetone-H,0O, methylaming-H,0O, formic acidt3H,0,
acetic acid-H,0, and trans-NMA-2H,0 complexes. Addi-
tional calculations showed that selected conformations oported earlier; however, in some cagasetone and NMA
methyl groups in acetone, methylamine, and acetic acid imur calculations predict different orders of vibrational
both gas phase and in solution correspond to the lowest emodes. The last rows in Tables I-VI contains the averaged

ergy minimum. Numerous studi

42-48

qualitative analysis of our results. These assignments are
generally consistent with potential energy distributions re-

suggest that several unsigned differences between available experimental and our

conformers of NMA can coexist and contribute to the totaltheoretical data. Correlations between observed and calcu-
vibrational spectrum in the gas phase, in solid matwkere
vibrational frequencies for “free” NMA were measur&y

lated frequency shifts are also shown in Fig&)22(e).
For acetone, hydration does not induce significant

and in aqueous solution. Existing computational methods dehanges in its vibrational spectruffiable | and Fig. 23)].
not seem to be accurate enough to separate these contritDalculated frequency shifts do not exceed 60 tand are in

TABLE lIl. Vibrational frequencies and solvation shifts cm™?) for formic acid.

Gas phase

frequencies Solvent shifts

Mode GCOSMO GCOSMO GCOSMO
assignmerit  Expt®  B3LYP  Expt®  GCOSMO +H,0 +2H,0 +3H,0
A’ CO sd 625 622 75 17 86 94 105
A” COH) t 642 680 NO 31 402 428 435
A” CH ob 1033 1050 30 -9 —-27 -20 —-22
A’ COH) s 1105 1137 108 41 114 142 136
A’ OHb 1223 1294 157 24 186 188 184
A’ CH b 1387 1404 13 -3 —-15 -1 2
A’ COs 1776 1820 —67 —45 —-73 —87 =77
A’ CHs 2943 3081 4 61 48 54 57
A’ OH's 3570 3732 NO —49 —-671 —744 —801
Error 65 56 26 31 30

@Abbreviations: see footnote a to Table I.

From Ref. 4, where experimental data for formic acid vapor were quoted from Ref. 53.
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TABLE V. Vibrational frequencies and solvation shifia cm™?) for acetic TABLE VI. Vibrational frequencies and solvation shifis cm™?) for trans-

acid. NMA.
Gas phase frequencies Solvent shifts Gas phase
frequencies Solvent shifts
Mode GCOSMO Free
assignmerit Expt®  B3LYP Expt” GCOSMO +H,0 +H,0 Mode GCOSMO Free
assignmerdt Expt® B3LYP Expt® GCOSMO +2H,0 +2H,0
A" CCt 93 92 NO 49 53 7
A" CCr 428 423 31 19 27 21 A"CCt NO 79 NO (19° (28)° (108)°
A" CC ob 535 542 65 17 56 54 A"NC(H3;)t NO 17 NO 129 133 68
A’ CC sd 581 581 45 11 31 33 A" NC(O) t NO 157 NO 26 36 25
A" COH) t 639 662 NO 22 334 249 A’ COsd 279 258 18 9 44 32
A’ COH) s 847 862 a7 15 35 28 A'COr 429 424 14 9 13 15
A’ CHzr 987 1002 28 19 29 19 A” NH ob 439 372 NO 204 406 222
A" CHsr 1044 1068 6 6 6 2 A"COob 619 616 NO 36 -1 97
A’ OH b 1181 1206 97 27 115 95 A’ CCs 658 629 —28 3 11 10
A’ CH; sd 1280 1337 84 24 72 59 A’ NC(O)s 857 877 26 13 24 15
A’ CH; sd 1380 1414 16 13 52 36 A’ CCH;r 980 973 14 17 22 15
A’ CH; ad 1434 1476 1 5 8 1 A"CCHgr 1037 1055 7 10 12 5
A" CH; ad 1439 1484 —4 5 5 0 A’NC(Hy s 1089 1107 6 5 9 7
A’ COs 1779 1821 —-67 —42 —65 —-45 A" NCHzr NO 1156 NO 1 0 0
A’ CHj ss 2944 3066 1 -16 —-17 -2 A’ NCHsr 1168 1194 -4 2 1 1
A" CH; as 2996 3133 —24 -13 —-17 -4 A’NHib 1266 1286 46 38 73 41
A’ CH; as 3051 3180 —55 -15 —-15 1 A’CCHysd 1370 1398 8 16 22 12
A’ OH's 3583 3754 NO —49 —559 —385 A’'NCH;sd 1419 1460 -3 3 5 0
Error 55 25 13 14 A’ CCH;ad 1432 1476 -4 8 10 2
A" CCH;ad 1432 1491 8 2 1 -1
@Abbreviations: see footnote a to Table I. A" NCH;ad 1446 1481 6 16 16 4
bFrom Ref. 4 where experimental data for acetic acid vapor were quoteg’ NCH;ad 1472 1516 ~10 3 3 0
from Refs. 54 and 55. A’NHib 1511 1555 54,75 36 73 35
A"'COs 1707 1751 —61,-81¢ —-57 —78 —-34
A" CCH;ss 2915 3044 10 -2 1 10
agreement with experiment and SQMFF fittthgSolvent 2,, mg:B Zz gg?g gcl)gg _160 -7 L :Z _g
shifts are reproduced quite accurately even with the simplg, CCH: as 2973 3107 19 4 4 1
GCOSMO solvation model. The average error is only 8a’ NCH;as 3008 3141 12 -3 4 -1
cm L. Addition of one explicit water molecul@vith or with- A’ CCH;as 3008 3168 1 -12 -8 5
out the long-range polarization effeptdoes not change re- A'NHs 3498 3647 NG —60 —174 -9
Error 58 11 10 10

sults substantially.
For methylamine, solvent shifts of vibrational frequen- aappreviations: see footnote a to Table I.
cies[Table Il and Fig. 2b)] are generally larger than in the °From Ref. 8 where experimental data for isolated NMA were quoted from
case of acetone. However, Sim.”arly to ace.tone’ the simpl Ine[];'a‘rl(—:?rlltheses vibrational frequencies are shown instead of shifts.
GCOSMO model reprodyces V|brat|_onal fhlﬁs r{;\ther aCCU"SpIitting of theée bands is discussed in Refs. 10 and 47.
rately. The average unsigned error is 20 ¢nn this case.
Addition of one explicit water molecule making a hydrogen
bond with the nitrogen atom slightly improves results of proves the agreement with experimétite average unsigned
GCOSMO calculations and reduces discrepancy with experierror is reduced from 56 to 26 c¢i). Smaller shifts are
ment to 14 cm™. Inclusion of the long-range polarization generally predicted by the free-supermolecule approach with
contribution within the GCOSMO-supermolecule approachone explicit watefcolumn 4 in Table IV. It is interesting to
further improves the agreement. This is especially true fofind out what part of this solvent effect can be attributed
the NH, wagging mode where free supermolecule approaclisolely to the electroctatic potential from the water molecule.
yields an error of 75 cmt, while GCOSMO-supermolecule To this end, additional calculation of the solute vibrational
result differs from experiment by only 18 cth spectrum was performed by substituting this water molecule
For formic acid, GCOSMO results for vibrational fre- by three point charges resulted from the CHELPG fitting
guency shifts calculated at the simple and supermolecule leygrocedure. This simple modésee column 3 in Table IV
els are listed in Table Ill. The shifts obtained with the free-correctly predicts that the largest shifts are for(@@torsion
supermolecule approach are presented in Table 1V. All thesand OH stretching modes; however, their magnitudes are al-
results are compared with available experimental data in Fignost twice smaller compared to the calculation with explicit
2(c). Obviously, the simple GCOSMO model without ex- water. Solvent shifts for other modes are more negative than
plicit water moleculegcolumn 5 in Table I} fails to repro-  with the full quantum representation of the solvent water.
duce frequency shifts in formic acid. These large solvenfThis shows that the electrostatic part of hydrogen bond plays
effects are mainly due to hydrogen bonding with water mol-an important but not decisive role in solvent shifts.
ecule H—0O,—Hg [see Fig. 1c)]. Explicit treatment of this Adding more explicit water molecules to GCOSMO-
water molecule in GCOSMO-supermolecule calculations im{columns 7 and 8 in Table llland free-supermoleculgol-
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umns 5 and 6 in Table IVcalculations do not change results of 213 cm! for the CQH) torsion? The OH stretch has a
qualitatively: large solvent shifts in Q@) torsion and OH negative frequency shift approaching800 cm® for
stretch increase further. The largest discrepancies betwe€BCOSMO with three explicit water molecules. This would
GCOSMO- and free-supermolecule results are in these tweesult in OH stretching frequency in solution at about 2770
modes which, unfortunately, were not observed experimenem . Much smaller shifts are predicted by our free super-
tally in solution. In particular, a large frequency shiftore  molecule calculationgabout —500 cmi?) and by SQMFF
than 400 cm?) is predicted for CQH) torsion mode by the fitting* (—554 cm'Y). We believe that observed differences
GCOSMO-supermolecule method. Using an experimentabetween results obtained from GCOSMO- and free-
value (642 cm}) for this band in the spectrum of a free supermolecule calculations are indications of an important
molecule, we predict that in aqueous solution this band willlong-range polarization effect on vibration spectra. This ef-
appear at 1040—1080 cth Free-supermolecule calculations fect will be discussed in Sec. IV.

yield values which are smaller by about 150 émThat is For acetic acid, solvent effects on its vibrational spec-
consistent with SQMFF fitting which gives the solvent shift trum [see Table V and Fig.(d)] are qualitatively similar to
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those for formic acid, although somewhat smaller, which in-respectivelythan in the case of formic acid. However, based
dicates weaker hydrogen bonding of acetic acid with wateron analogy with formic acid, we can expect that with adding
The simple GCOSMO model underestimates solvent effectsnore water molecules the magnitudes of these two shifts
Both GCOSMO- and free-supermolecule results differ fromwould increase. Again, free-supermolecule calculation un-
available experimental data by 13—14 tmAs in the case derestimates values of these shifts by 90—180 riThis

of formic acid C@H) torsion and OH stretching bands have provides more evidence for the important role of the long-
not been observed experimentally. In these cases ouange polarization effects.

GCOSMO-supermolecule resulfshifts of 334 cm? for For trans-NMA, we assumed a planar symm&tig all
CO(H) torsion and—559 cm ! for OH stretc are in better calculations. As remarked above, the prevailing conformers
agreement with SQMFF fittifg308 cm * and —557 cm %, in both gas phase and in solution are not well established.
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Variation of vibrational frequencies between different trans-

NMA conformers is about 11 cnt (see Refs. 43 and 46

Therefore, picking only one conformer we cannot expect

agreement with experiment better than 11 ¢mAll avail-

able experimental frequency shifts in NMA are reproduced

within this margin of error with simple GCOSMO solvation

model[see Table VI and Fig.(®)]. Almost the same level of

accuracy is achieved by the GCOSMO- and free-

supermolecule models. However, the modes most affected

by solvation(NH out-of-plane bend and NH strefckvere

not observed experimentally in aqueous solution, thus com-

plete comparison of different models with experiment cannot

be made. For these modes, GCOSMO, GCOSMO- 000 Lor—— ]

supermolecule, and free-supermolecule approaches give -0.03-0.02-0.01 0 0.01 0.02 0.03 0.04 0.05

rather different results. In particular, inclusion of the long- Distance shift (A)

range polarization effect at the GCOSMO-supermolecule

level to the complex of NMA with two water molecules in- FiG. 3. Correlation plot “bond distance shift—frequency shift” for some

creases the frequency shifts by a factor of 2. This finding istretching modes.

consistent with dielectric polarization effects on &) tor- . . .

sion and OH stretching modes in formic acid and acetic acigAN important observation can be made by plotting frequency
shifts for stretching modes most affected by solvation
[NH,CO,CaH), and OH stretchdsas functions of changes

IV. DISCUSSION in corresponding bond distancésee Fig. 3. There is an

Our calculations suggest that the GCOSMO solvationapprOXimate proportionality between the bond elongation

model predicts rather accuratelfaverage errors 10-20 (shrin_king) and cc_)rres_ponding_ \_/ibrational_ freqL_Jency shifts.
cm3) solvent shifts in vibrational frequencies of solutesThe fitted proportionality coefficients are listed in Table VII.

having moderate strengths of hydrogen bonds with watelAS expected, they are all negative, which corresponds to red
such as acetone and methylamine. Also, the Simpl(;requency shifts for elongated bonds. Moreover, all fitted

GCOSMO model gives good results for the majority of straight lines intersect at the origin. This corresponds to an

modes of trans-NMA. This suggests that for such situation%mumve expectation that in the absence of geometry changes

Ee frequency shifts would be very small. Although the OH

the simple GCOSMO model is quite adequate and one do . . . . e .
not need to employ rather expensive supermoleculaﬁpond in formic acid and acetic acid is very strofiighas the

highest vibrational frequency of 3570-3580 ¢ this

continuum calculations. In contrast, for solutes and func- di bstantiall kened by int i ith th |
tional groups having strong hydrogen bonds with water, sucll?On IS substantially weakened by interaction wi e sol-

as formic acid, acetic acid, and NH group in NMA, the vent: the bond elongation may be as large as 0.04 A with

simple GCOSMO approach is not adequate and explicit Wac_:orrespondlng frequency shift 6800 cri ©. This is a mani-

ter molecules should be added in order to take into accourIFStation of strong acidic properties of these solutes. It is
specific hydrogen bonds. Comparison of free- an nteresting that correlations “distance-frequency” for CO vi-
GCOSMO-supermolecule results indicates the importance rations a.r: almcigt theljamedln'\jour SIUd'et?] soI(ﬂeetone, t
both hydrogen bond and long-range polarization effects o ormic acid, acetic acid, ang NDAeyen ough heares
vibrational modes most affected by the solvdatich as neighbors of the.C atom are different in these cases. In con-
CO(H) torsion and OH stretch in formic acid and acetic acid,traSt’ the behav!or of t'he (IEI)'stretchlng mode depends
NH out-of-plane bend and NH stretch in NMAThe latter strongly on the immediate environment of the C atafids

effect cannot be reproduced in the free-supermolecule a@tom in formic acid and Ckigroup in acetic aci These

proach with a small number of explicit water molecules. Ino_bser_vations suggest _that thc-_zoretical determi_natioq of solvent
this study, the long-range polarization effects are modeled bglbratlonal shifts requires quite accurate optimization of the
the GCOSMO continuum approximation. This leads to a sig—“OIUte geometry. Fu,r,thermore, the opserved . correlat|_on
nificant increase by 80—300 cthof vibrational shifts for the geometry—frequency” allows one to estimate quickly posi-
modes mentioned above. Unfortunately, experimental resultgag| g v, Proportionality coefficientsa (cm~Y/A) for the linear depen-

for these modes in aqueous solution are not available. FutienceAr~a-Ad between solvent changes in vibrational frequendies
ther experimental studies will help to reveal the relative con{cm ™) and in bond distancesd (A) for stretching modes shown in Fig. 3.
tributions of local hydrogen bonds and the long-range dielec=

200 e

200 F

-q00 [

OH formic acid
OH acetic acid
CO acetone

CO formic acid
CO acetic acid
CO NMA

-600 F

Frequency shift (cm™)

-800 Il CO(H) formic acid
CO(H) acetic acid
NMA

PX+004AD> OO

tric polarization effects to vibrational shifts in solutions. Mode “
As expected, large solvent shifts in vibrational spectra (CHxCO(H) —1452
are accompanied by large changes in the solute structure. In co —3520
particular, we found that CO, OH, and NH bond distances (H)ES(H) _155223
increase while CQH) and NGO) bond distances decrease OH 19324

upon hydration, in agreement with previous findifigs:*>->
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TABLE VIIIl. Hydrogen bond distance$A) for studied solvation com-
plexes.

Nonsolvated GCOSMO

Bond +H,0 +2H,0 +3H,0O +H,O +2H,0 +3H,0
Acetone
O;...Hyq 1.901 1.850

Methylamine

N,...Hg 1.895 1.739

Formic acid

Hy...O; 1.767 1.742 1.703 1.658 1.626 1.601
0O,...Hg 2.066 2.111 2.189 2.505 3.083 3.210
O;,...Hy 1.944 1.971 1.820 1.871
O3...Hyp» 2.052 1.964
Acetic acid

Hs...Op 1.785 1.704
O;...Hy 1.972 2.332

NMA
O3...Hy3 1.828 1.771

Hg...O 2.017 1.928

olvent shifts in vibrational spectra

GCOSMO-supermolecule model helps in reaching the limit
of complete hydration even using small supermolecule clus-
ters. However, this simplistic picture is not true for the
O,---Hg hydrogen bond in formic acid. In this case, addition
of water moleculdH,,—0;5—H,, in Fig. 1(c)] increases the
O,:*Hg bond distance by 0.03-0.05 A; however, enclosing
the complex in the dielectric cavity reduces this bond dis-
tance by 0.10-0.12 A. This shows a complex nonmonotonic
dependence of the cooperativity effect on the state of solva-
tion. Other hydrogen bonds listed in Table VIl decrease by
0.06—0.19 A when solvated complexes are placed inside the
dielectric cavity. A relevant discussion on the relationship
between continuum and discrete-continuum models can be
found also in Refs. 30—33.

Another effect of the long-range polarization is in chang-
ing orientations of water molecules with respect to the solute
in GCOSMO-supermolecule calculations. These changes can
be seen by comparing structures of solvated complexes of
formic acid and trans-NMA in Figs.(&) and Xe) with those
in the gas phas€Refs. 4, 7, 8, and 45The most dramatic
example is the water molecule bonded to the NH group in
NMA. In the gas phase, this water is oriented perpendicu-

tions of vibrational bands of important functional groups inlarly to the solute planesee also Refs. 8, 42, and)45iow-
aqueous solution by knowing 0n|y geometry of the solute€Ver, In GCOSMO-OptImIZGd structure this molecule is prac-

and coefficients listed in Table VII.

tically in the solute plane. We have no explanation for this,

In addition to bond distances and angles, solvent—soluytand additional studies are needed to decide whether this is a
interaction may alter conformational equilibrium of the sol- real physical effect or an artifact of the theoretical model.

ute. For example, the NMA conformer selected for the
present study is not stable in the gas phase. This is indicated
by an imaginary frequency of 7&m ™! of the CC torsion
mode in agreement with previous resudftsThis conformer
becomes even less stable in the gas phase complex with two
water molecules, i.e., CC torsion has even larger imaginar
frequency of 10Bcm 1. However, both simple GCOSMO
and GCOSMO-supermolecule calculations yield positive fre-
guencies for all vibrational modes, indicating stable local
minimum. This suggests that conformational studies for sol{1)
vated molecules using supermolecule approach without con-
sideration of the dielectric continuum polarization field may
be not accurate.

Dependence of the hydrogen bond distances on the state
of solvation (the “cooperativity” effec) was observed in
calculations for NMA in Refs. 8 and 45 and discussed in
detail in Ref. 45. Similar tendencies were observed in our
free- and GCOSMO-supermolecule calculations for formic
acid (see Table VIIJ: H,---O; bondlength decreases but
0O,---Hg distance increases with increasing number of ex-
plicit water molecules. Comparison of free- and GCOSMO-
supermolecule calculations from Table VIII shows that in-(2)
clusion of the long-range polarization effects results in large
additional bondlength increaséoy 0.4-1.0 A for the
O,:--Hg bond in formic acid(so that this bond is practically
broken in the most solvated casand for similar Q---Hg
bond in acetic acid. The H-O; hydrogen bond distance
additionally reduces when the complex is placed in the di-
electric cavity. Thus, in these cases the GCOSMO boundary
condition has the same effect as the addition of more water
molecules in the complex. This shows that, as expected, the

V. CONCLUSIONS

We have presented an implementation of the GCOSMO

analytical second derivatives and their applications to study
¥Yolvent shifts in vibrational spectra of acetone, methylamine,
formic acid, acetic acid, and trans-N-methylacetamine. This
study leads to several important conclusions.

The GCOSMO supermolecule approach provides an ef-
ficient tool for both geometry optimization and fre-
quency calculations in polar solvents. Inclusion of the
solvent polarization in continuum approximation re-
quires only 10%—-20% of additional computational effort
as compared with the gas phase calculations. Besides
frequency calculations, GCOSMO analytical second de-
rivatives may have important applications in studying
free energy surfaces of reactions in solution: optimiza-
tion of transition state structures, reaction profiles, etc.
However, care should be taken in separating effects of
equilibrium and nonequilibrium solvation.

Accurate geometry optimization of solvated species is
essential for the prediction of vibrational spectra in so-
lution due to correlation between solvent effects on ge-
ometry and vibrational frequencies. In particular, solvent
shifts in vibrational frequencies of some stretching
modes are proportional to changes in corresponding
bond distancegsee Fig. 3. The knowledge of propor-
tionality coefficients characteristic for each particular
functional group(see Table VIl would allow for easy
estimate of vibrational shifts using only geometry data.
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