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An extension of our combined procedure to determine a complete quartic force field and to resolve a vibrational
problem thanks to a variational treatment is proposed for quantitative calculations of vibrational spectra in
solution. Energies and gradients are obtained through a polarizable continuum model (PCM), the so-called
self-consistent isodensity (SCI)-PCM. We present in this paper new experimental results dealing with
formaldehyde in solution in cyclohexane, chloroform, THF, acetonitrile, DMSO and water; the obtained
vibrational spectra are then compared with CCSD(T)/cc-pVQZ calculations. In addition, density functional
theory (DFT) calculations have been carried out with the aim of both anticipating and positioning these
approaches for larger sized molecules.

1. Introduction of the development of molecular dynamics and mixed methods
About 70 years after the first studies of Kirkwdodnd such as QM/MME2"37 Computer resources have_ now k_)ecome
Buckinghan? modeling a chemical system in solution is still sufﬁmently_ powerful and abundant to enable S|mulat!ons for_
challenging, more particularly in the spectroscopic characteriza- SYStems with up to 10 000 atoms. As a result, many biochemi-
tion area. Although several improvements were achieved in cally interesting molecules and molecular complexes can now
quantum chemical calculations during the past deéattking be studied with detailed atomic informatiéh.
solvent effects into account is far from being complete and really  Relative to the vibrational problem, all the simulation methods
effective. The main theoretical difficulty is bound to the physical require both a potential energy surface and an appropriate
representation of the interactions between the solute and themathematical treatment for the class of molecules to be studied.
solvent. In the case of a quantum modeling of vibrational 4eqly. a rigorous ab initio quantum mechanical method should
ILiqg:'?ecrfwian?ig]r? gft?ﬁé E;cﬁszeg"ayta”?e Ifrom, for ex?mple,be used?® In that case, both SCRF and self-consistent isodensity
potential energy surface Or(SCI) PCM? class of models are perfectly well suited for the

the introduction of both anharmonicity and Coriolis effett&! Lo .
In summary, the main issue of the present study lies in the guantum vibrational treatment. However, for systems with more

simultaneous consideration of these two crucial points which, than a few dozen heavy atoms (which is often the case when

beyond three atoms, appears to be a very difficult task unlessthe S(_)Iv_ent _is explicitly taken in_to account),_ a detailed quantum
numerous estimates are introduced. description is generally not feasible, even with the most powerful
With regard to the solvent problem, the validity of molecular computers presently available. The use of molecular dynamics
simulation results will be mostly limited by the accuracy of the (MD) coupled with an harmonic vibrational treatment is
mathematical models used to describe the solvents effects. Twohowadays one of the current way to overcome the previous
theoretical approaches are nowadays mainly available. In thequantum limitationd® We are fully aware that the choice of
first approach, the model tries only to describe purely physical the vibrational treatment infers the choice of the solvent model
interactions between the solvent and the solute. In this case,(and conversely). Beyond these choices, a common shortcoming
the solvent is modeled by an appropriate chemical entity, remains, which is concerned with the theoretical vibration field.
perturbed by a set of charges able to modify both the electronic A|| the previous mathematical studies (MM, MD or QM) show
structure and the geometry of the solvent (cf. the Onsager self-nat although the shift associated with a vibrational band is fairly

i i i 26-2 28 . L.
consistent reaction field (SCRF),COSMOZ°7?7 IM,?® Hy- well reproduced! it is not the case for the bands positions.
brid,2° UHBD?®C and polarizable continuum model (PCH)) , ) ,

In the second approach, the physical description of the solvent ~ 1h€ Purpose of this paper is then 2-fold. First, through the
is achieved through the modeling of specific interactions with €xample of formaldehyde, we want to point out both advantages
the solute. The studied solution looses its chemical character-and limits of a QM approach, and in particular the strategies
istics and forms a solvent/solute complex, thus leading to a including both CCSD(T) and density functional theory (DFT)
prohibitive dimension of the QM problem. Today, a lot of approaches. Surprisingly, there are very few experimental data
studies have been published using this approach, mainly becausen formaldehyde in solution. To our knowledge, only a complete
study of a solution in acetonitritéand an experimental value
* Corresponding author. E-mail address: didier.begue@univ-pau.fr.  of »(C=0) in the cyclohexane referenced in a theoretical work
T Laboratoire de Chimie Thgique et Physico-Chimie Modeilaire UMR e : ; :
5624. of Rivail*? are available in the literature. Consequently, our
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TABLE 1: Various Solvents Used for the Experiments

solvents formula  dielectric constant dipole momeny (D)
Nonpolar

cyclohexane @Hi» 2.02 0

chloroforme CHJ 4.81 1.15

THF C4HsO 7.58 1.75
Polar

acetonitrile  CHCN 375 3.45

DMSO (CH;),SO 46.7 3.90
Protic

water HO 78.4 1.80

ability of current theoretical approaches, especially when the
anharmonicity is taken into account.

This paper is organized as follows: In sections 2 and 3, we
briefly summarize experimental conditions, methods and com-
putational details; in section 4, we present experimental and
theoretical anharmonic spectra for solutions ofCB in five
different aprotic solvents (cyclohexane, CHCIHF, CHCN
and DMSO) and in water. An “economic” approach is proposed

at the end of the paper. From these calculations, both band shifts

and positions can be predicted.

2. Experimental Section

Formaldehyde was prepared by thermal decomposition<120
170 °C) of commercial paraformaldehyde (Aldrich) in the
presence of Bl Once cooled, the gas mixture was bubbled into
the selected solvent for IR studies. In this study, we make the
choice to work with a set of five solvents with very different
physical properties (Table 1). Except®i only aprotic solvents
were used so as to avoid cationic polymerization e€B.

Begue et al.

tonian is written as
1
H, = Ezgij (S)Paps1 +V(9)
]

whereg; is the element of th& matrix described by Wilson
andV(s) the potential function expressed from a complete set
of quadratic, cubic and quartic force constants by

1 1 1
V(s) = 5;‘]3% + 8%%3%@ + i%lfijkls%%s

For systems in which anharmonicity is weak, it is possible to
write the potential function/(s) as a Taylor expansion series

in terms of curvilinear displacement coordinates. Quadrhic (
cubic (i), and quartic f) force constants are generally
obtained either by fitting the electronic energy calculated by
ab initio methods for various nuclear configurations close to
the optimized geometry or by a finite difference procedure
including first and second derivatives of the electronic energy
with respect to the nuclear coordinates. In both cases, the
required number of ab initio or DFT data points grows strongly
with increasing size of the molecule, so that it becomes difficult
to determine accurately a complete quartic force field for current
organic and inorganic systems. To reduce the number of
calculations, even for a system as small a€@, we have used

in this work the procedure implemented in our previously
described code REGRESS EGHBriefly, this strategy includes

in the same process of linear regression of values the energy
and, if accessible, the corresponding first analytical derivatives
obtained at each point of a well-suited grid. Thus, this approach

The transmission spectra were collected on a non purgedallows the determination of the analytical form of the potential
Avatar spectrometer of Thermo Nicolet with a resolution of 1 with a significantly reduced number of points to be calculated
cm! after a signal averaging of 200 scans. A DTGS detector without affecting the accuracy of the results.
is used which allows us to investigate the absorption spectrum  The kinetic part of the Hamiltonian also can be written as a
up to 400 cm™. The effective path length of the Cagell used  Taylor expansion in terms of curvilinear coordinates:
for measurement was 0.1 mm. For all samples, the background
spectrum is recorded with a pure solvent.

As stated above, the experimental studies £#£@ in solution
are somewhat sparse. Due to the presence of the solvent, the
complete IR spectrum of #£0 cannot be easily extracted from
experimental data. So, only a few bands, namely the stretching
v(C=0) (vp) and his first overtone, the scissoringr(CH,)

(vs) and the symmetric stretching GHss (v1) have been
generally identified. These data are compared to gas and solutio
datd 4% in Table 2.

1 1

in which g = (99j/0SJ)o and whereg;(0) are the terms
calculated in the harmonic approximation. This approach can
be retained for the kinetic operator when large amplitude
displacements are involved. In our calculations, both the kinetic
"and potential parts of the vibrational Hamiltonian are expressed
in the basis of dimensionless normal coordinatgsand
conjugate momentum operators.

Due to the additional CPU time cost of the calculations when
the solvent is taken into account, and because most general
softwares are not able to compute the first analytical derivatives

3. Computational Details

In the basis of curvilinear coordinat&sand their conjugate
momentPs, the quantum mechanical pure vibrational Hamil-

TABLE 2: Experimental Results of the Formaldehyde in Solution

solvent
nonpolar polar
gas CeHiz CHCl, CaHgO CHCN (CHg)>SO
€=10 €=20 =48 =176 €=37.5 c=46.7 H.0
phase our work our work our work our work our work e=78.4

v4 (1) (CHy) 1167
Ve (P) (CHZ) 124 1247
v3(0) (CHy) 1501 1500 1497 1508
v, (CO) 1745 1748 173% 1728 1728 1726 1723 1721 1728
2v, (CO) 3470 3472 3439 3437 3434
v1 (ve) (CHy) 2782 2792 2808 2797
5 (Va9 (CHy) 2843 2876

aReference 432 Reference 44° Reference 424 Reference 41¢ Reference 45.
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for reference methods such as the most appropriate CCSD(T),model and in the accuracy of the calculated force consfnts.
alternative theoretical strategies have to be develép&dr Today, these aspects are crucial for the study of the smallest
example, an interesting breakthrough is to couple the REGRESSsystems because they condition the quality of the interpretation
EGH approach with parallel programming: indeed, every ab of experimental daté65
initio or DFT calculation is independent of the results for other Modeling the MIR spectrum of organic molecules in solution
points on the grid. So, the quartic force field calculation for meets the same requirements. However, an additional question
H,CO in solution at the CCSD(T)/cc-pVQZ level of theory can  4rises through the connected problem of the solvent. To both
be done in less tm4 h with ten 1 GHz Intel Pentium Ill  gisregard explicitly the molecules of solvent and develop our
Processors. own theoretical “anharmonic” approach on an “isolated” system,
Ab initio and DFT calculations were carried out respectively e decided to choose a PCM model, namely SCI-PCM. The
either with the Dunning correlation consistent pVTZ and pVQZ  reasons for this choice are double. First of all, owing to the

basis setS or with the V;’e"'S“ited 6-3+G** basis set as  rg|atively low cost of the calculations in comparison to an
recommended elsewhéfé®for DFT approaches. CCSD(T) and ey pjicit solvent model, such dielectric continuum theories are

DFT calculations were undertaken to determine structural q., widely used for the description of solvent effects in

parameters and harmonic wavenumbers. All the harmonic ¢qninction with quantum mechanical calculations. The second

calcungtions were carried out with the GAUSSIAN 98 pro- - o440 jies in the fact that the cavity surface is not defined by
gram> the REGRESS EGH and the FORCE packages previ- gongitive enlarged van der Waals radii like in the regular PCM

i )
ously developed in our grodpre used for all the force constants model. In that case, the cavity is more easily described by the

determination. . . ) iso-electron density surfaces that only change with solvent-

Once the potential energy function is obtained, the second i, ,ced polarization of the solute. Moreover, these modifications
step in the vibrational energy-level calculations consists of 5rq girectly taken into account in the self-consistent SCF
solving the vibrational Schidinger equation. It is well-known procedure, thus eliminating the well-known convergence prob-

that a perturbational process is not suitable in the case of lems for the globally spherical molecules such a€8. As a
formaldehyde_rbetfause otfh'.strgn% F?rml t?lnd Darh@ganglson result, the corresponding perturbed wave function is then used
resonances. 10 bypass this Kind of problem, We USed our NeWy, o 54)yq successfully the vibrational Sétlirger equatiorf®

ha rallel variational scheme adapted o the treatment of_medlum- A particular effort was done on the research of all the potential
sized systems (P_ANHAR_vF}. This approach consists of P p

taking an inventory of the vibrational configurations potentially functions: one for HCO in the gas phase and six others for
needed for the description of the problem on the grounds of the different solvents used in experimeats 2.02-78.4 (Table

the potential terms values, taking into account the symmetry of 3)- Due to theC,, symmetry of HCO, only a set of six
each state and cutting the process into several spectral windowslisplacement coordinates (Figure 1) has to be chosen for the
which are dealt in independent processes. The major advantagélétermination of the 66 independent and nonnull force constants
of this algorithm lies in the ability to provide, in several spectral Of the potential function. In this case, 66<E) calculations
ranges, smaller matrixes that contain all the information needed, (double redundancy) in the well-suited simplex sum grid
which makes the execution faster and perfectly adapted to (Simplex-sunf) or 168 (E) calculations are required to obtain
parallel calculations. For each symmetry, submatrixes including the complete quartic force field. For all the distorted structures
from 20 000 to 30 000 configurations are diagonalized to obtain generated by displacements of 0.02 A for bond coordinates and
about 50 converged eigenvalues with an accuracy of 1tcm 2° for angular coordinates, the corresponding energies were

For details on the method, see ref 46. calculated at both CCSD(T) and B3LYP levels of theory using
respectively the cc-pVXZ (& T, Q) and 6-3%#G** basis sets.
4. Results The seven corresponding CCSD(T)/cc-pVQZ and B3LYP/6-

. ] 31+G** quartic force field in a vacuum and in the different

4.1. Anharmonic Approach. In the gas phase,#0 isone  golvents are reported in Table 3 to illustrate how the modes’
of the most studied non linear small moleciitédts vibrational coupling may be affected by the taken into account of the
spectrum is perfectly known today. Nevertheless, it is only solvent. Cubic and quartic terms which involve coupling
recently that the theoretical chemists were able to exactly modelyatween the dimensionless normal rocking modg énd the
its mid-infrared (MIR) characteristics. Several reasons may be asymmetric stretching g on one hand, and between the
given to explauj such a s_ltuatlon. FII’St,. this .system. shows scissoring (6) and the symmetric stretchingjoon the other
numerous Fermi and Coriolis resonances including for instance 5,4 are the most affected by the presence of the solvent.
those occurring either between the fundamental madeas Moreover, couplings in solution such as those occurring between
(CH)] and the combinationvs [o(CH)] + ve [p(CH)] or the @, gs and g modes remain weak but show a very varying
betwe_en the IOW?SI funqlamgntal modes: As s;ated .above’value according toe. In that case, the cubic terms are
handling all these interactions is practically impossible with thedsignificantly affected. On the contrary, the strongest constants

only feasible method, i.e., the perturbational approach, as use S
10 years ago. Second, the required development of dataOf other modes are weakly coupled. Considering these remarks,

. . . - e we can conclude that the vibrational representation of this
processing for the description of these interactions by variational . L o
methods was only achieved in the middle of the 90s. Nowadays molecule_ will be mainly influenced by_ the mod|f|9at|on of the
owing to efficient methods based on both perturbational and geometrical structure.and by these hlgher coupling.
variational optimized concepts (namely PF2CVPT53 CC Structural, harmonic and anharmonic results [t(CHy)]
VSCF54-55 \'SCF/VCI 125459 \/CC 50 PS VSCHE! and PDV torsion,ve [p(CHy)] rocking, v3 [o(CHy)] scissoringy» [v(CO)]
(Parallel Direct Variatiorff53, the average accuracy of current  Stretchingys [vg(CHy)] stretchingvs [va CHy)] stretching) are

calculations on these small organic systems is close-®cnr? reported in Tables 46.
for stretching and bending bands and about20 cnt? for Our gas phase data are compared with a nonexhaustive but
motions of larger amplitude involving light atorf&Finally, representative set of experimental and theoretical data from the

the main difficulty lies in the choice of the potential function literature (Table 4). With regard to both fundamental and first
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TABLE 3: Quadratic, Cubic and Quartic Force Constants (cm™1) of H,CO in Vacuo and in Solution, Calculated at Both
B3LYP/6-31+G™ and CCSD(T)/cc-pVQZ Levels of Theory, with Respect to Dimensionless Normal Coordinates

B3LYP 6-31+G™

CCSD(T) cc-pvVQZ

CH3CN CeHa2 CHCl; C4HgO CH3CN DMSO H.0O

parameter gas e=37.5 gas e=2.02 e =481 € =7.58 e=37.5 e =46.7 e=784
w4 [1(CHy)] 1194 1207 1190 1197 1202 1204 1205 1206 1206
we [p(CHy)] 1262 1257 1271 1272 1271 1271 1271 1271 1270
w3 [0(CHy)] 1537 1533 1537 1537 1536 1536 1536 1535 1535
w2 [v(CO)] 1819 1791 1781 1775 1770 1768 1766 1766 1766
w1 [v«(CH)] 2914 2948 2933 2946 2957 2959 2965 2965 2966
ws [vadCH)] 2979 3020 3004 3019 3032 3036 3042 3042 3042
d111 —1357.7 —1373.1 —1350.2 —1355.9 —1358.8 —1360.6 —1364.4 —1362.2 —1363.3
d211 —-21.8 —-20.8 —-20.8 —-19.7 —-19.1 —18.8 -18.8 —-17.6 —18.6
P21 67.4 66.9 69.4 69.8 69.5 69.6 70.1 69.8 69.6
D222 569.8 555.3 556.9 550.6 543.4 541.1 538.4 537.4 537.2
P311 —-2.9 -10.3 -1.2 -3.1 -5.2 -5.1 —6.1 -6.5 —6.7
P31 58.0 62.2 57.2 58.1 58.8 59.5 59.9 59.0 60.3
P322 120.4 127.9 131.8 132.8 133.9 134.4 134.7 134.2 134.6
$331 84.7 89.8 73.6 76.3 76.8 76.8 7.7 76.6 77.6
P332 108.1 112.7 124.6 125.5 126.0 125.9 125.7 126.3 125.7
P333 —45.1 -31.1 —27.7 —-23.1 —-17.9 -18.1 —16.0 —14.9 —14.9
Paa1 322.7 326.6 336.3 334.7 334.2 334.0 333.4 3334 333.3
Paaz 30.6 27.5 49.1 46.7 45.1 44.2 43.1 43.0 42.8
Pa43 —63.1 —57.8 —58.8 —56.4 —55.0 —54.8 —54.1 —54.2 —54.1
Ps51 —1445.3 —1466.5 —1424.8 —1436.2 —1439.4 —1440.8 —1442.8 —1442.4 —1443.6
552 —124.8 —127.8 —126.4 —126.3 —125.9 —-126.1 —126.4 —125.9 —126.2
553 126.7 114.1 127.2 123.8 120.3 119.9 118.7 118.6 118.4
Pe51 5.3 3.1 1.8 4.6 14.4 3.3 18.1 17.7 18.6
D652 —-137.5 —-149.1 —145.7 —149.1 —153.5 —153.8 —156.4 —156.3 —156.7
D653 190.1 193.5 184.4 183.6 185.8 185.0 186.5 186.7 186.7
Pe61 230.9 237.5 229.3 231.0 232.2 232.6 233.3 233.0 233.2
Pe62 15.4 12.2 20.8 19.8 18.8 18.4 17.9 18.0 17.6
D663 108.4 112.2 109.8 109.9 110.7 111.0 111.0 111.2 111.0
d1111 544.4 562.1 492.9 526.0 509.1 543.4 505.5 542.9 506.5
¢2111 18.4 18.3 19.2 20.8 11.0 4.8 219 23.2 4.8
P2211 —29.8 —-37.2 —33.3 —41.5 —41.5 —42.5 —40.2 —47.3 —38.9
P21 8.0 7.9 1.0 4.3 6.2 7.2 10.6 9.5 9.0
2222 166.5 159.1 141.2 150.0 140.1 141.9 156.3 143.4 166.7
$3111 —16.9 —18.2 -4.9 -12.3 -1.9 -15 -10.5 —16.0 -8.6
P3211 715 76.7 69.4 77.4 76.8 74.8 77.6 82.2 78.4
P3221 14.4 14.0 20.7 15.6 16.6 15.1 13.1 10.1 16.8
$3222 411 43.7 38.9 42.2 51.1 48.6 34.5 59.6 51.2
P3311 —146.6 —147.0 —-137.6 —139.0 —140.5 —-138.1 —136.9 —-144.1 —134.9
P3321 —-25.1 —24.0 —22.8 —23.0 —24.5 -21.1 —22.6 —22.7 —-22.0
P3331 11.2 8.4 215 9.2 18.5 21.3 10.9 19.0 10.6
$3332 -9.0 —8.8 —-5.4 -6.9 —6.4 -2.0 —-9.4 -17.1 —4.4
3333 9.8 16.1 12.5 45 7.3 19.9 7.4 30.7 7.5
Paa11 —273.3 —275.3 —281.5 —277.9 —277.9 —279.1 —277.1 —278.1 —275.6
Paa21 —24.1 —24.1 -31.5 —25.5 —25.8 —-23.7 —25.3 —26.9 —25.8
Paa22 —10.6 -10.5 —-13.2 —-11.8 —9.6 —10.8 -9.6 —-10.4 -8.9
Paaz 10.2 8.0 11.8 9.2 11.5 11.6 8.7 —-12.2 —-11.9
Paaz2 -13.0 —-13.4 -9.6 —-12.8 —-15.0 -12.7 —-13.5 —-12.8 —-13.9
433 10.9 10.2 8.8 9.1 9.5 9.1 9.3 10.6 11.3
Paaaa 139.5 133.7 156.7 141.8 140.0 139.3 146.4 140.1 143.5
5511 591.0 591.6 572.1 569.5 563.7 564.3 558.2 555.1 560.1
5521 43.6 40.3 43.7 375 41.2 32.8 32.6 38.7 39.1
Ps522 —52.6 —-62.3 —61.4 —67.8 —68.7 —72.4 —70.1 —-72.0 —69.3
Ps531 —-25.4 -19.9 —-37.4 —-275 —33.4 —29.9 —29.9 —32.6 —30.6
P5532 96.5 102.6 101.2 103.7 104.5 105.6 106.2 104.3 105.8
5533 —196.6 —191.1 —184.1 —185.6 —185.6 —186.2 —184.0 —183.9 —182.8
5544 —-324.7 —309.9 —328.3 —329.3 —334.0 —337.8 —341.6 —343.0 —341.3
Ps555 637.8 621.4 600.7 591.3 600.4 586.7 587.8 589.6 602.8
Pe511 7.9 35 2.6 2.7 6.2 2.1 4.1 -0.9 -6.8
Pe522 8.4 9.3 11.6 12.0 10.0 12.5 8.2 9.5 10.2
6533 15.7 16.7 17.0 16.5 11.3 15.8 9.1 8.7 10.4
Pe5a4 0.8 5.3 11 2.4 1.8 4.2 0.5 -3.9 -1.9
6555 —41.6 —88.5 -8.3 —67.0 —62.6 —43.2 —60.5 —80.5 —47.1
Pe611 —213.2 —215.3 2129 211.8 2139 214.6 —214.6 218.6 2125
Pe621 —15.9 —-14.1 —14.6 —-13.3 -14.1 -11.2 —13.8 12.4 —-12.0
P6622 0.3 3.1 2.6 2.0 3.4 2.7 4.8 5.1 6.4
P6631 —40.5 —44.1 —32.2 —34.2 —39.6 —35.8 —36.7 —40.6 —40.1
Pe632 -21.0 —24.4 —-21.1 —-19.6 —22.7 —22.3 —-22.7 —21.6 —23.3
o633 37.8 41.1 34.4 335 35.0 35.1 36.1 35.4 36.4
Po6aa 28.9 29.4 29.0 29.1 30.6 30.6 32.6 34.0 33.3
6655 —218.2 —198.4 —180.8 —209.9 —240.6 —240.8 —231.1 —254.0 —218.5
P6665 -17.3 —45.4 -0.8 —29.6 —37.3 —17.0 —34.7 —49.3 —22.4
Ps666 92.4 102.3 82.5 84.1 92.1 91.5 92.7 88.3 92.0

@ The sign conventions fap are consistent with a positive value for the eigenvectars

overtones and combinations bands, our results are in very goodcomparison with the experimental data the average deviation

agreement with the work of Martin et @and with the iterative
refined theoretical approach developed by Ribeiro & &h

of our non adjusted CCSD(T)/cc-pVQZ results is only of about
4.3 cnt!l (Table 4 and refs 4143 and 66-72). As a
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symmetry group : " results are compared with those previously obtained in the
Cwv Si(A) =277 (riz+ ru) gaseous phagé Few modifications are observed. Nevertheless,
Sx(A) =riz for all the theoretical conditions we can notice a systematic

0, _an shortening of the €H bond lengths concomitant with an

Ss(A)=6"(a+ f-27) average lengthening of the=€D bond length by about 0.03 A.
o 8 S4(By) = Ty, (torsion) No significant variations in the bond angles are observed.
) 0 Although they are weak, those geometrical modifications are
: Ss(B) =2 (r13- r14) important in the harmonic description of the problem (Table

H, y H, SiB)=2"(a- B) 3). In combination with an increase aof, the harmonic

wavenumbers variationsA(;) correlate closely to those ob-
served for the bond lengths. As expected, the maximal deviation
consequence, these results will be used as our theoreticals observed for the two stretchingC—H) modes for which
reference for the study of J€0O shifts in solution. both mass and the increasing polarization of fields effects are
B3LYP/6-31+G** and CCSD(T)/cc-pVQZ structural param-  dominant. All the displacements are correctly estimated at both

Figure 1. Internal and symmetry coordinates fopGO.

eters of HCO in the six solvents are reported in Table 5. Our harmonic and anharmonic levels of calculation:
TABLE 4: Experimental and Anharmonic Representative Results of HCO in the Gas Phase

v4[7(CHy)] ve [p(CHy)] v3[0(CHy)] v2 [v(CO)] v1 [vg(CHy)] s [Vad CH)]
(B4, (B2 (Ax (A1 (A1 (B2
HF/6-31+G(2df,2pf (1337) (1366) (1648) (1995) (3092) (3161)
CASSCF/DZP (1225) (1311) (1583) (1780) (3213) (3306)
MP2/6-311G**d (1212) (1291) (1568) (1780) (2971) (3036)

MP2/aug-cc-pVTZ
CCSD(T)/cc-pvQZ

(1197) 1163
(1190) 1165

(1267) 1242
(1273) 1248

(1540) 1505
(1538) 1504

(1753) 1721
(1781) 1749

(2974) 2820
(2934) 2789

(3048) 2837
(3004) 2842

variation/da¥¢ 1499.5 1746.1 2782.4
B3LYP/6-34-G* " (1191) (1268) (1545) (1823) (2931) (2990)
B3LYP/6-311G**i (1827)
B97-1/TZ2P 1181 1245 1499 1797 2743 2823
DFT/MM—FTTCF 1141 1214 1471 1741 2769 2809

Our Results
B3LYP/6-3H-G** (1194) 1170 (1262) 1237 (1537) 1499 (1819) 1794 (2914) 2774 (2979) 2832
B3LYP/6-31H-G** (1198) 1174 (1259) 1236 (1531) 1495 (1815) 1779 (2884) 2743 (2941) 2805
B3LYP/cc-pVTZ (1203) 1184 (1268) 1248 (1536) 1504 (1824) 1798 (2877) 2726 (2931) 2769
CCSD(T)/6-31-G** (1188) 1148 (1278) 1248 (1562) 1522 (1771) 1737 (3002) 2847 (3079) 2887

CCSD(T)/cc-pVTZ
CCSD(T)/cc-pvQzZ
exp

(1192) 1167
(1190) 1165
1167

(1274) 1248
(1271) 1246
1249

(1543) 1505
(1537) 1499
1500

(1781) 1749
(1781) 1750
1746

(2929) 2789
(2933) 2791

2782

(2995) 2848
(3004) 2850
2843

aThe values in parentheses relate to harmonic wavenumbieference 43¢ Reference 66¢ Reference 67¢ Reference 62\ Reference 68.
9 Reference 69 Reference 70.Reference 42.Reference 71k Reference 72.Reference 41.

TABLE 5: Structural Parameters of H ,CO in Vacuo and in Solution, Calculated at Both B3LYP/6-3%G** and CCSD(T)/
cc-pVQZ Levels of Theory

B3LYP 6-314-G**

CCSD(T) cc-pvVQZz

CHiCN e CesH12 CHCl; C4HgO CH:CN (CH3)2SO H20
parameter gds =375 gasd €=2.02 €=4.81 €=17.58 € =375 € =46.7 €e=1784
reo (A) 1.210 1.215 1.208 1.208 1.210 1.210 1.211 1.211 1.211
ren (A) 1.108 1.105 1.101 1.101 1.099 1.099 1.099 1.098 1.098
Onco (deg) 116.2 116.6 116.4 116.6 116.6 116.8 116.8 116.8 116.8

a Experimental values (ref 73)co (A) = 1.203+ 0.001,rch (A) = 1.100+ 0.002, Opco (deg)= 116.3+ 0.3.

TABLE 6: Wavenumbers (cm~1) of H,CO in Vacuo and in Solution, Calculated at Both B3LYP/6-34-G** and CCSD(T)/
cc-pVQZ Levels of Theory without Coriolis Coupling

B3LYP 6-31+G**

CCSD(T) cc-pvQZz

CHzCN CeH12 CHCl; C4HgO CH:CN (CH3)2SO H20
parameter gas €e=37.5 gas €=2.02 €=4381 €e=7.58 =375 e =46.7 €e=78.4

v4 [7(CHy)] 1170 1172 1165 1157 1162 1163 1166 1166 1166
ve [p(CH2)] 1237 1235 1246 1243 1239 1239 1243 1236 1239
v3[0(CHy)] 1499 1494 1499 1496 1496 1497 1501 1498 1496
v2 [v(CO)] 1794 1763 1750 1741 1737 1735 1731 1733 1731
v1 [vg(CH)] 2774 2804 2791 2800 2805 2813 2812 2813 2813
vs [vadCH)] 2832 2848 2848 2846 2847 2848 2866 2860 2868
2v4 2336 2341 2326 2310 2320 2321 2323 2325 2326
Vst ve 2405 2405 2408 2402 2404 2404 2406 2407 2407
2ve 2469 2461 2484 2481 2474 2475 2474 2474 2473
Vst va 2669 2664 2663 2653 2657 2659 2660 2660 2660
v+ v3 2715 2708 2723 2714 2712 2711 2713 2714 2714
vat+ vy 2959 2930 2904 2891 2892 2891 2893 2893 2893
2v3 2997 2986 2997 2990 2989 2994 2990 2991 2988
Ve + 12 3033 3001 2996 2991 2984 2983 2984 2986 2988
v3+ 12 3284 3251 3245 3231 3224 3225 3223 3223 3223
3y 3490 3498 3483 3450 3465 3463 3470 3474 3474
2v2 3572 3506 3487 3466 3458 34558 3454 3456 3454

23470 (gas), 3439 cm (CHCl), 3437 cmt (C4Hg0), 3434 cm* (CHsCN): our experimental values.
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harmonic description of the shifi\g;) is then in fairly good
agreement with the corresponding experimental data.

(ii) Interestingly, these displacements never exceed 12cm
(~1%) if we do not take into account our “nonmorsificate”
(C—H) stretches calculations.

(iii) The use of anharmonicity clearly affects our conclusions.

| WBALYPB 314G The average CCSD(T)/cc-pVXZ value afi; corresponds to a

‘ OCCSD{T)ec-pVTZ

| oCeSD(Tyccpvaz change of 50% of significance whatever the basis set used (X
-10 : =Tor Q).
5 (iv) Finally and paradoxically, although the frequencyvef

(C=0) (v,) is the least successfully modeled at the B3LYP level
of theory, due to an overestimation of the corresponding bond
length, the corresponding shift of this mode is correctly
reproduced at the same level. This peculiarity, which is well-
(2b) known for they(C=0) calculation is not observed for the shift
Av(C=0). These considerations are worthy of remark for the
study of larger molecules for which only the use of DFT is
nowadays possible.

In conclusion, we can say that an accurate investigation of

1 2 3 5 6
modes numbers

[mB3LYPi631+G* | the geometrical modifications undergone by a molecule in
0 CCSD(TVee-pVTZ solution is only needed to predict the shifts in the corresponding
|0 CCSD(TYoe-pvaz vibrational spectrum positions. Such an observation decreases

the benefit of an improvement like anharmonicity to model
correctly the interaction with the solvent of a molecule in
vibration and explains the success of some much less sophis-

1 2 3 5 6 ticated treatments (Tables 4 and 6). Nevertheless, the use of
modes numbers our original approach is justified in that it allows a fair
Figure 2. Harmonic [@%° — @%9peory — (VO — 1939, (a) and reproduction (within 1%) of all the band positions of the

anharmonic [{**" — ¥9%)neory — (5 — ¥9e] (b) deviations obtained  spectrum. Through the present paper we have shown that these
f‘t "313"\;%6'3& fG**t’h CCS%(?/ E;Cgp(\;/ﬁz a”td CCSD_(Tt%/.CC'kaQZ conditions are thoroughly fulfilled in the case of the formalde-
evels of theory for the (kC :CN) system.ve,, = this work. hyde molecule at the CCSD(T)/cc-pVXZ (¥ T, Q) levels,

(i) In general, for all the solvents, the calculation of beth thus validating the use of PCM models with an anharmonic
andvs fundamental modes is only slightly improved8 cn 1) treatment in MIR. Pure DFT approachésepresent in that case
when the anharmonic hypothesis is taken into account. a very satisfactory compromise for the study of systems larger

(i) The problem of the’s mode §asStretching C-H) is more than BCO (up to 30 atoms): indeed, we have obtained average
critical because our experimental value in £l deviates by deviations relative to experimental data that are systematically

11 cnt?! from that of Wong et a3 of the order of 10 cm! (these values are comparable to the
(iif) Concerning _bothvl andvg modes,_it is unfortunate that  values obtained for the CCSD (T)/cc-pVQZ study ofG® in
not enough experimental date are available. acetonitrile). Beyond this critical size, the “ab initio” treatment

For the experimentally well-known GRN solvent, we have  of the complete system seems nowadays unreachable.
reported on Figure 2 the average deviations relative to experi- 4.2. Toward a More Economic Solution for the Study of
mental data: “Uncoupled” Modes? The previous conclusions thus prompt

_ olv__ . ga __¢.solv_ga _ _ the theoricians in chemistry to look for more adaptable solutions.
=1y y 3““9‘"3’ G v 39"& [Ay‘he‘“y Avexd We propose a very simple model for the study of chemical
calculated at both harmonjc= w (2a) and anharmonig = v

groups in solution. First of all, insofar as strongly correlated
(2b) levels of approximation for the three B3LYP/6-86**, methods are useless for the determinatiomaf, = a)is°"’ —
CCSD(T)/cc-pVTZ and CCSD(T)/cc-pVQZ levels of theory. @f*, we propose an a priori use of either HF or DFT methods
These data add new elements, making one question itself abouwith double £ basis set to effectively calculate these values.
the ability of such approaches to well-describe the solvent effect. Moreover, we are convinced that the use of the B3LYP/6-G1
(i) Whatever the degree of sophistication of the method may ** quartic force fields represents an economic compromise with
be, the harmonic value gfis near zero, which means that the respect to approaches that are strongly correlated as far as

TABLE 7: Empirical Wavenumbers AA (cm™1) of the (H,CO + CH3CN) Solution

Va (Bl) Ve (Bz) V3 (Al) V2 (A]_) V1 (Al) Vs (Bz)
w9sCCSD(T)/cc-pvQZ (1190) (1271) (1537) (1781) (2933) (3004)
AZw = 0%V — ©93sB3LYP/6-31+G** +13 -5 —4 —28 +34 +41
AZv B3LYP/6-31+G** —35 —22 -39 —28 —144 —172
AA 1168 1244 1494 1725 2823 2873
CCSD(T)/cc-pvVQ2 1166 1243 1501 1731 2812 2866
expP 1247 1503 1723 2797 2876
exy 1726 2808

aQur best estimatiorf. Reference 41,° This work.
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anharmonicity Av) is concerned. Finally, a gas phase reference

calculation (CCSD(T)/cc-pVTZ for example) is needed to

J. Phys. Chem. A, Vol. 110, No. 25, 2006799

(24) Gohaud, N.; Bgug D.; Pouchan, CLecture Series on Computer
and Computanional Scien@904 1, 828.
(25) Wong, M. W.; Frisch, M. J.; Wiberg, K. B]. Am. Chem. Soc.

compute adequately both the structural properties of the solutes; 991 113 4776.

and the optimized harmonic frequencie&s The results for
the (LCO+CH3CN) system are reported in Table 7. These
estimated values are notdd\ = w9{CCSD(T)/cc-pVQZ)+
Aw (B3LYP/6-31+G**) + Av (B3LYP/6-314+G**) and are

compared to our best previous estimation (CCSD(T)/cc-pVQZ).

When modes are weakly coupled (Table 3), v approach

seems very promising if we refer to the results obtained for the

v3, V4, V6 modes, and for the almost pure CO stretchipgnode
and its first overtone 1% as evidenced experimentally by us.

For the study of more coupled modes, the anharmonicity account
is nowadays accessible for medium sized systems with the use
of perturbational approaches as a replacement of the empirical

addition of the Av) term previously cited. In that case, a

supplementary difficulty must be considered because all the
cubic and quartic force constants calculated at the B3LYP/6-

314+G” level (Av) must be expressed in the basis of the
dimensionless normal modes calculated at the bé%tlevel

of theory. No significant changes are observed in the present

study.
To conclude, we remain very careful on this approach, which

has, for the main purpose, to deal at best with every effect taken

(26) Klamt, A.; Schueuermann, @. Chem. Soc., Perkins Tarkd93
5, 799.
(27) Balridge, K.; Klamt, A.J. Chem. Phys1997 106, 6622.
(28) Roux, B.; Simonson. TBiophys. Chem1999 78, 1.
(29) Papazyan, A.; Warshel. A. Phys. Chem. B997, 101, 11254.
(30) Gilson, M. K.; McCammon, J. A.; Madura. J. D.Comput. Chem.
1995 16, 1081.
(31) Miertus, S.; Scrocco, E.; Tomasi, Ghem. Phys1981 55, 117.
(32) Garcia-Viloca, M.; Nam, K.; Alhambra, C.; GaoJJPhys. Chem.
B 2004 108 13501.
(33) Schmitz, M.; Tavan, Rl. Chem. Phys2004 121, 12233.
(34) Brinkmann, N. R.; Carmichael,J. Phys. Chem. 2004 108 9390.
(35) Assfeld, X.; Rivail, J. LChem. Phys. Lettl996 263 100.
(36) Gaigeot, M. P.; Sprik, MJ. Phys. Chem. R003 107, 10344.
(37) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
Klein, M. L. J. Chem. Phys1983 79, 926.
(38) Begue D.; Carbonniee, P.; Barone, V.; Pouchan, Chem. Phys.
Lett. 2005 416, 206.
(39) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
M. J.J. Phys. Chem1996 100, 16098.
(40) Besley, N. AChem. Phys. LetR004 390 124.
(41) Nakawaga, T.; Kondo, S.; Saeki,J5Chem. Physl982 76, 3860.
(42) Rivail, J. L.; Rinaldi, D.; Dillet, V.J. Chim. Phys1998 95, 1818.
(43) Wong, M. W.; Wiberg, K. B.; Frisch, Ml. Chem. Physl991, 95,
8991.
(44) Bouwens; R. J.; Hammerschmidt, J. A.; Grzeskowiak, M. M.;

separately from the others. Actually, our proposal should not Stegink, T. A., Yorba, P. M.; Polik, W. Rl. Chem. Phys1996 104 (2),

be considered as a “rigorous” procedure but rather as an

approached model whose aim is to allow the modeling of

(4'15) Dimitrova, Y.J. Mol. Struct. (THEOCHEMY1997, 391, 251.
(46) Gohaud, N.; Bgue D.; Darrigan, C.; Pouchan, G. Comput. Chem.

“isolated” vibrators such as those used, for example, in the 2005 26, 743 and references therein.

experimental characterization of the two A and | amide modes

of proteins in solution36.75-77
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