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Methyl benzoate is studied as a model compound for the dpredat of new IR pulse schemes with possible applicability
to biomolecules. Anharmonic vibrational modes of Methyhbeate are calculated on different level (MP2, SCS, CCSD(T)
with varying basis sets) ab-initio PESs using the vibralaelf-consistent field (VSCF) method and its correlatiorrected
extensions. Dual level schemes, combining different quanthemical methods for diagonal and coupling potentias sgis-
tematically studied and applied successfully to reducetimeputational cost. Isotopic substitution@hydrogen by deuterium

is studied to obtain a better understanding of the moleaili@ational coupling topology.

1 Introduction the PES far away from the equilibrium configuration, where
the harmonic approximation is even less applicable. Theamai
Vibrational spectroscopy is among the foremost experialent problem of anharmonic spectroscopic calculations is tiat d
tools in the exploration of molecular potential-energyfaces  ferent vibrational modes are not mutually separable like in
(PESY. Its application to biological systems has so far beenthe harmonic approximatidd2®. Therefore one has to face
severely handicapped, both by experimental difficultiblan  the task of calculating wavefunctions and energy levels for
the unavailability of adequate computational tools formua systems of many coupled degrees of freedom. Several at:
titative interpretation. Several one-dimensional vitonaal tempts have been made to overcome this problem. Among
techniques have been developed for structural determmati others, the discrete variable representation (D3R diffu-
of the biological molecules. Among them vibrational circu- sion quantum Monte Carlo (DQM&5§-26 vibrational config-
lar dichroism (VCDY-3, Raman optical activity (ROAY®are  yration interaction (CB72 vibrational self-consistent field
two well established polarization techniques. Recentesgc (VSCF)3°‘33 methods proved their applicability to study an-
in the experimental realization of coherent multidimensio  harmonic effects in systems with varying sizes. The VSCF
infra-red (IR) spectroscopy provides a new powerful tool tomethod is most successful among them to effectively handle
study structure and dynamics of biomolecules with a temporaarge molecular systems.
resolution down to the sub-picosecond regimé Multidi- IR absorption spectra of peptides and proteins are dom-
mensional IR spectroscopy has the potential to disentdngle jyated by vibrational bands that can be described approxi-
congested vibrational spectra of biomolecules to somenéxte mately in terms of oscillators localized in each repetitivet
similar to multidimensional NMR34 but with significantly  ang their mutual couplings. The most extensively studied
higher temporal resolutiof. In nonlinear multidimensional bands are amide-A, amide-B in the region 3000—-3500%tm
spectra, the structural as well as dynamical informatidyis  and amide-I, amide-Il between 1500-1700¢dmwhich are
ically available in terms of diagonal and cross-peak shdpes  gpectrally well separated from the remaining spectrum and
cations, intensities and their respective temporal eimid®.  oyhibit a strong dependence on the structural motifs ptesen
The interpretation of this data in terms of a dynamical modek, e investigated biomolecul®s3® The amide-| vibrational
of the biomolecule under investigation requires extensiee e, which involves mainly the C=0 stretch coordinate, has
oretical modeling. experimentally been the most important mode due to its large
The calculation of vibrational spectra within the harmonic yyansition-dipole moment and because it appears to be ynostl
approximation is very useful, but often has limited signifi- yecoupled from the remaining vibrational modes in proteins
cance since many biologically relevant molecules are “§0pp - A detail understanding of these modes is then necessary to un
and subject to strong anharmonic efféétsAnharmonic ef-  gerstand the structure and dynamics of the protein anddeepti
fects are even much larger in weakly bound molecular compye to the complex structure of proteins a detailed thezakbti
plexes, e.g. hydrogen-bonded complexes with surroundinggcylation of these modes is complicated. A simple small
water'®. Also, frequently one is interested in the regions of yojecule is then necessary for which these exemplary modes
— . — — and their mutual couplings can be studied in more detail.
T Physikalische Chemie, Universitat Bayreuth, Univeisitrake 30, D- .
95447 Bayreuth, Germany. E-mail: kiran.maiti@ch.tum.de In this work Methyl benzoate (MB) was chosen as a model

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |1



Physical Chemistry Chemical Physics Page 2 of 11

for potential vibrational couplings between the carbomglpy 2 Computational methods

and a sidechain C-H moiety, which would allow for a determi-

nation of backbone-sidechain dynamics in peptides and pra2.1 Quantum Chemistry

teins. MB has an idealized planar configuration, except for o

the two hydrogen atoms at the methyl group which are symS€ometry optimization of MB has been performed us-
metrically out-of-plane with respect to the rest of the ncale |ng3§§gond order Maller-Plessét(MP2) perturbation the-
(see Fig. 1). The methyl carboxylate group is then co-planaP™y" "~ and employing the augmented correlation-consistent
with the pheny! ring. The C=0 double bond in the carboxylic Pelarized-valence-triple zeta (aug-cc-pVTZ) basis sear-H
ester group essentially constitutes a local oscillatoilaimo ~ MONic normal-mode analysis has been performed with the
the amide-I band in proteins and provides a convenient mod€€nsity fitting MP2 (DF-MP2) method using an aug-cc-pVTZ

for model studies. A potentially interesting coupling iropr ~ regular basis and cc-pVTZ fitting basis sets. All calculasio
have been done with the MOLPRO quantum chemistry pro-

grant®.
The choice of the computational method and the basis set
are not arbitrary. A standard MP2 with aug-cc-pVTZ basis set

® . (/ level of computation is generally a reliable method to gener
O\/ ate an anharmonic PES. For a system like MB it is not suitable
|iq\p", due to the size of the molecule and the resulting high compu-

tational cost. To find a suitable method a comparison of com-
putations employing different basis sets has been perfiborme
and is presented in Table 1. The standard MP2 calculation

‘ @ employing an aug-cc-pVTZ basis set is given in the first row
7”\‘?\? 7 which provides the reference. To study all 48 modes of MB
HF/C{R H with this basis set is beyond the scope of this project, beeau

it takes almost one day and a very large memory space for

a single-point energy calculation. If no specially optiedz

Fig. 1(a) Structure of MB, indicating the numbering scheme used fitting basis sets are available for a certain regular AOasi

in this work. (b) Structural similarity of protein backboaad MB. then it is a common practice for the DF-MP2 computations
to use a fitting basis set one order higher than the regula-
one. The DF-MP2 with aug-cc-pVTZ regular basis and cc-
pVQZ fitting basis speeds up the calculation drasticalle (se
Table 1) without sacrificing the quality compared to the stan

teins is the coupling between the amide-1 anf-aydrogen dard MP2/aug-cc-pVTZ results. A single-point energy calcu

located in the sidechain. MB also provides a similar stmadtu ) ) o )

motif where the ortho hydrogen in the phenyl ring provides '20!€ 1Single point energy, calculation time and the required

the counter-part of @-hydrogen in protein sidechains. The memory for energy calculation of MB at equilibrium geometryh

L e . different basis sets.
structural similarities of these two motifs in MB and protei
are depicted in Fig. 1b.

Basis Energy in E CPUtime Memory

mp2fit kit SCF  MP2 Total in min. in MB
Isotopic substitution is a valuable tool in the identifica- -457.51 -1.76 -459.27 1423  6799.4
tion of molecular structure and dynamics. The C-H or C-D avtz = vtz -457.51 -1.76 -459.27 47 270.4
stretch vibrations are particularly important structymaibes, avtz  vgz -457.51 -1.76 -459.27 97 361.7
because they are very localized, specific, and abundangé-Esp avqz ~ vqz -457.54  -1.86 -459.40 286 3194.¢
cially the C-D stretching frequency is an excellent streaftu __8v92 V52 -457.54 -1.86 -459.40 484  3194.¢

probe since it is usually spectrally isolatedd200 cn1 1) even

in the spectrum of large proteins. SubstitutionBehydrogen lation with this method takes only around one and half hour
by deuterium provides a probe to obtain a better understandvith almost 200 times less memory than regular MP2/aug:
ing of the structure and dynamics of protein sidechains withcc-pVTZ calculation. In contrast, the DF-MP2 method em-
respect to the backbone. It is thus an interesting task tselev ploying aug-cc-pVTZ regular and cc-pVTZ fitting basis sets
new experiments which probe this relative geometry. MB is argives almost identical energy values in half the time whgh i
ideal candidate model which, once its vibrational hamiilon  a reasonable choice for the purpose of this project. Theranha
is fully understood, will serve to develop new pulse seqeenc monic pair couplings are calculated with the DF-MP2 method

2| Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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employing the same cc-pVDZ basis for regular and fitting ba-h) are determined from the second derivative of the PES at
sis set. For some of the most problematic modes the diagonaluilibrium corresponding to the harmonic frequencieshef t
potentials have been calculated with the local densitynétti normal modes. The outer two points (-a, b) are determined
coupled cluster singles, doubles and perturbative triptesc-  as those points on the one dimensional (1D) PES cuts along
tion DF-L-CCSD(TY*%*?method with the cc-pVTZ basis set the normal modes for which the PM3 energy reaches six times
in a dual-level scheme. All computations have been additionthe harmonic frequency quantum w.r.t. the energy at equilib
ally performed using the density fitting spin-componentesga rium (Vo). The remaining points are calculated dividing the

(DF-SCS) MP2 methat? employing different basis sets. interval with different proportions e.qc,= %H‘) d= bizh'
e:c+(2) fidizh’iifa+c'j7d+b k—ﬁand
2.2 Grid for VSCF | — fih

——. Diagonal potentials with 6 points (see Fig. 2a) are
The choice of an appropriate grid size is crucial for anhardnsufficient for a reasonable description of the PES in the ca
monic frequency calculations both for diagona| and pair po.culation of anharmonic frequencies. In particular, a desst
tentials** The VSCF PES can be expressed in terms of a hiof grid points is required near the equilibrium configuratio

erarchical expansion A comparative study on 8 point (see Fig. 2b) and 12 point (see
Fig. 2c) 1D grids indicates that the eight point grid PES is a
V(g - ,0n) = ZV (q;) + Z qhqj reasonable choice for anharmonic frequency calculations.

All diagonal points are first evaluated on an 8 point 1D grid
as shown in Fig. 2b, then interpolated to equidistant 16tpoin
grids which are used in the collocation treatment. Pairipote
) tials, calculated at semiempirical PM3 level, are evaldate
+ > Vijers(@:0i-.0n0s) +- (1) 8x 8 point direct product grids, then interpolated to>166

I<po<r<s point grids by two-dimensional (2D) cubic spline interpola
tion*>. To lower the computational cost while maintaining
high quality pair potentials, DF-MP2/cc-pVDZ computation
pairwise pOtem'alvVi,j,k(qthvQK) is the triple coupling and  paye peen performed for selected coupling potentials egirr

So on. ularly spaced 2D grids, as shown in Fig. 2d. Energies are only

+ Z \/i’j,k(qiaqjvqk)%»

<)<k

whereV (qJ) is the diagonal potentlaMJ (g,qj) is the

(@) | ; Fy ; | calculated for the grid points marked with crosses. The un-
—a ¢ ~hoh d b determined points (marked with circles in Fig. 2d) are filled

() = e ! with non-uniform IMLS (interpolating moving list-squa)éé
L interpolation, which provides a potential onx& point direct

© & ot f d i b product grids. The & 8 point grid is extended to the 2616

@ point grid by using 2D cubic-spline interpolatitm

3 Results and Discussion

3.1 Vibrational spectrum of Methyl benzoate

To my knowledge, only few experimental resditsire avail-

able for MB. Specially for low frequencies and near degen-

I E erate modes all the modes are not well resolved and identi-
—bH6—0 fied experimentally. Therefore the best computationalltesu
P which agrees comparatively well with the known experimen-
tal resultd¢”-5% has been choosen as a reference, then discuss
all other levels of computation with respect to that. Fosthi
purpose, the non-correlated VSCF results are chosen as a re

Fig. 2 Diagonal grid with different grid size; (a) 6 points grid) ®
points grid, (c) 12 points grid. (d) Irregular spaced 2D gEthergy

points are calculated at the grids, marked with crossesgfitle erence, where diagonal and pair potentials are calculated u

marked with circles are filled up by 2D IMLS interpolation. the DF-SCS method employing a cc-pVDZ basis set. All the
results presented in this article are with out applying araJ-s
ing factors.

The grid is constructed based on the harmonic frequency The entire vibrational spectrum of MB can be divided into
analysis and PM3 PES cuts. The innermost two points (-hthree different frequency regions. Most interesting high f

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |3
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Table 2 Vibrational frequencies of MB with different level of thées, where diagonal grids are calculated with the DF-MP2/2Vevel.
Mode numbers are based on normal mode frequencies. The RislSllated with respect to the anharmonic frequency caiedlaith
VSCF/DF-SCS method. The modes for which diagonal anharmiti@s are larger than 10 cm are with bold numbers.

Mode Harmonic Diagonal VSCF VC-MP2 VSCF/ Experim&ht Isotopomer  Assignmeht
PM3 MP2 DF-SCS P Dn

1 52 82 147 103 87 112 111 111 Phenyl-ester opr
2 112 154 178 192 160 196 197 198 Phenyl opb, ester opb
3 185 361 366 316 352 342 344 343 gkkb
4 167 170 169 173 169 179 134 177 177 Phenyl-ester ipr
5 208 217 236 239 234 242 218 243 242  Phenyl-ester opb
6 331 333 326 334 331 340 339 340 Phenyl-Ester ipr
7 358 358 356 366 365 363 360 361 361 O=C-O ipb, phenyl ipb
8 404 411 419 416 414 421 402 403 phenyl opb
9 454 458 477 470 466 468 458 461 phenyl opb, O=C-O-C opb
10 481 481 481 476 475 477 474 471 phenyl ipr, O=C-O-C ipr
11 617 617 618 612 611 617 630 612 612 phenylipd
12 678 679 685 676 673 681 674 678 680 phenylipd O=C-O ipb
13 712 728 788 737 726 754 708 704  phenyl opd O=C-O opb
14 795 801 840 808 837 813 782 829 834 phenyl opd O=C-O opb
15 831 830 818 818 812 823 820 822 821 0O=C-O ipb, phenyk ipH
16 694 760 759 781 724 731 714 734 725 phenyl opd
17 863 894 880 856 841 891 864 phenyl opr
18 1003 1004 1170 974 971 978 759 771 phenylipd, ester ipd
19 1012 1012 1052 991 989 979 973 973 phenylipd
20 1048 1049 1146 1029 1025 1035 1027 phenyl ipd, P-CH sipb
21 977 1000 980 978 987 986 980 984 984 phenyl opd, P-CH opb
22 1097 1101 1162 1082 1074 1096 1097 1047 1048 phenyl ipd i
23 938 970 951 931 926 958 950 956 980 phenyl opd, P-CH opb
24 1142 1144 1220 1111 1103 1126 1128 1112 1121 ©CB=C-Oipb
25 1174 1189 1154 1153 1146 1167 1161 1171 1173 pCHipb
26 1185 1199 1074 1170 1161 1182 1180 1181 3GHpb, C-O-C opb
27 1191 1198 1176 1164 1156 1183 1177 1149 1141 pCHsipb
28 958 994 908 968 982 979 969 984 pCH opb
29 1221 1227 1164 1200 1194 1214 1192 1212 1213 ©CB=Cs,C-Os
30 1317 1321 1350 1283 1262 1303 1278 1298 1307 OCO ipb pCH ipb
31 1330 1334 1287 1301 1309 1320 1295 1268 1259 pCHipb
32 1472 1469 1318 1423 1415 1342 1310 1444 1447 ;&b
33 1479 1482 1354 1433 1411 1447 1435 1348 1345 pCCs
34 1471 1475 1461 1436 1434 1452 1444 1445 1455 pCCs
35 1509 1507 1320 1459 1454 1453 1454 1453 3@dgging
36 1519 1517 1322 1488 1488 1485 1485 1485 3GH
37 1518 1519 1529 1478 1477 1498 1474 1480 1483 pCCs,pCHipb
38 1634 1636 1750 1587 1581 1606 1594 1602 1600 phenylipd-sy
39 1634 1634 1747 1587 1580 1603 1585 1598 1604 phenyl ipd-sy
40 1766 1759 1915 1724 1724 1778 1724 1724 1724 C=0s
41 3092 3059 2909 2946 2795 2974 2998 2974 2973 mCHss
42 3183 3255 2787 2582 2492 2560 2542 2561 2559 mCH as
43 3205 3208 2887 2893 2849 2855 2855 2809 2889 pCHas
44 3214 3247 2867 2872 2834 2834 2852 2171 2971 pCH as/@SD
45 3217 3213 2868 2860 2694 2832 2845 2858 2832 mCHss
46 3222 3233 2913 2995 2849 2963 2952 2831 2957 pCHas
47 3226 3191 2932 3014 3035 3039 3064 3017 3065 pCHas
48 3238 3161 2898 2933 2928 2985 3022 2989 2161 pCH as/pe®

RMSD 148 151 78 24 45

Symbols: R = rotation, r = rocking, ipr = in-plane rotatiomrae= out-of-plane rotation, ipb = in-plane bending, opb =-ofiplane bending,
ipd = in-plane deformation, opd = out-of-plane deformatias = asymmetric stretch, ss = symmetric stretch, asb = asymerbending, sb =
symmetric bending, sipb = symmetric in plane bending, mCHethyl CH bond, pCH = phenyl CH bond, sy = symmetric.
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Fig. 31D IR experimental spectruth (black line) of deuterated MB is plotted along with calcel@tharmonic (blue sticks) and anharmonic
(red sticks) vibrational frequencies. Intensity of thecadated frequencies are from harmonic frequencies caloala

guency modes are due to the C-H stretching modes. Low :Z = MAATZ D
frequency (up to~1000cnT!) modes are primarily due to = 10] I_I _xcMFA%Z/M%ZV%z I_I I J
the bending motions, involving the phenyl ring and the es-5 | 1 - r-r el
ter group. Between these two extremes, there are modes a0 |
with combinations of bending and stretching motions and | <1000cm -1 . - -
also the spectroscopically well-separated C=0 band attabou zov* ° 10
1 1507 m— PM3/AVTZ
1725cnT-. 200] m— VSCEMPa-VDZ
—_— VC-| MPZ/MPZ VDZ

The vibrational frequencies of all modes of MB calculated% 55:_ |_ - L e o I1 J I_ [ I
at different levels of theory, along with their experimdmea =~ < -so] [ r r " |- |_
sults and full assignment of all modes are presented in Table ,izz ~1000 — 3000 cm—1
FTIR spectra of deuterated MB along with the calculated fre- ,,, 22~ " 25 = = " 7 =0
quencies are plotted in Fig. 3. The deviation of the vibraio 50 I I I
frequencies calculated at different levels of theory witte = o] o= m l-. l-. = - - -
frequency obtained from the non-correlated VSCF/DF-SCS% _sc;I I R I I I
method are plotted in Figs. 4a, 4b and 4c. The harmonic and -1od _—SGEaR vz,
diagonal anharmonic frequencies are quite off from the ref- -1sd=22%0em=1 I

erence (VSCF/DF-SCS) frequencies and as a results gives a

very high root mean squared deviation (RMSD) of 148ém  Fig. 4 A comparison of vibrational frequencies of MB calculated at
and 151 cm? respectively. Addition of PM3 pair coupling po- different levels of theory w.r.t. the VSCF/DF-SCS level of

tential over DF-MP2/cc-pVDZ diagonal potential improve th calculation. The labels indicate the level of theory usedte

results but still with high RMSD value of (78 Cfﬁ). The dual calcglatic_)n. V-MP2 stand for vibrational MP2 and VC-MP2rata
level non-correlated VSCF frequencies with DF-MP2/aug-cc foF vibrational corrected MP2.

pVDZ diagonal and DF-MP2/cc-pVDZ pair potentials shows

very good agreement with reference frequencies and yield th

RMSD of 24.cnrt. monic and diagonal frequencies (frequency calculated from

For low frequency modes dual level calculations with PM3the anharmonic diagonal PES) are also quite off for several
pair couplings are not reliable. The RMSD calculated for allmodes (1, 2, 3, 13, 18, 35, 41 to 48) from the reference fre
40 low frequency modes is thus quite high, 73dm Har-  quencies and give RMSDs of 35 cmand 37 cn?, respec-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |5
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tively. Frequencies calculated with the non-correlate€#S @) HQC/H (®) TGN A

method with DF-MP2/cc-pVDZ diagonals and pair coupling

potentials are in good agreement with the experimentaltsgsu cg 3//17

which yields a very low RMSD of 14 cmi for the 40 low fre- O\C/ O\C/

guency modes. Dual level calculations using DF-MP2/aug- 1 D24

cc-pVTZ diagonal and DF-MP2/cc-pVDZ pair potentials, im- -

prove the results further, with a RMSD of 11 cfn

3.2 High frequency vibrational modes Fig. 5(a) Vibrational motion of MB responsible for the unexpected

red shift. (b) Secondary coupling of C—D and rotational ngeth
The high-frequency vibrational modes (41 to 48) are specgroup.
trally isolated from all other modes of MB. The deviation of
frequency for these eight modes calculated at different lev
els of theory w.r.t. the VSCF/SCS-VDZ method is plotted _ .
in Fig. 4c. Harmonic and diagonal frequencies are too highCOUp!ed with the lower frequengy mpde 1, the _harlmonlc and
(see Table 2). The RMSD only for the C—H stretch vibrationalthef dlagor?al anharr’qomc a”,a'YS'S fails to describe it, eiasr
modes (41 to 48) is 319 cm for the harmonic frequency, and pair coupling analysis explain it.
454 cnt'? for the diagonal frequencies. The large RMSDs for
these eight modes from the harmonic and the diagonal fre3.3 C=0 band
quency calculations are mostly due to the mode 42, whichl_h _ . I .
shows an unexpected red shift to the frequencg550 ctL e spectroscopically most studied vibrational band in-pep

(this is discussed in details later). However, when pair—coutIdes 'S Fhe "?‘m'de" band.. In. the MB spectrum the C=0
plings are included, the RMSD is reduced dramatically. DuaFtre’[Ch vibrational band which is analogous to amide-1 band

level calculations, with DF-MP2/aug-cc-pVTZ diagonal po- is spectrally_ isolated from all other_vibrational frequ_hm;c
tentials and PM3 pair potentials (see Table 2) yield a RMSDThe harmonic and the anharmonic diagonal frequencies of the

of 100cnT. Dual level non-correlated VSCF computation C=0 stretch vibration at DF-MP2/aug-cc-pVTZ level are rel-

with DF-MP2/aug-cc-pVTZ diagonal and DF-MP2/cc-pvDZ atively high (1766 Cm.l and 1759 cm? respectively) for this
pair potentials are surprisingly accurate for the C—H elret mode, compared to its experimental frequency (17249m

ibrational f ies. The RMSD calculated for thesaei (see Table 2). Dual Iev_el frequency calculations emplc_)ying
\r{r:o:jaelsoinsalsr?:%%eonr::lgfs © calculated for thesaeig DF-MP2/aug-cc-pVTZ diagonal and the PM3 pair potential is

A rather surprising result of the anharmonic pair-coupling’ e Wors€ (see Table 2). The calculated C=0 frequency is
. Urp 9 )IC P P gimproved when dual level calculations are performed replac
calculations is that one of the C—H stretch vibrational nsode ing the DF-MP2/cc-pVDZ diagonal potential for the C=0 vi-
is shifted to a much lower frequency than the remaining C_l_{)rational mode alone by a DF-L-CCSD(T)/cc-pVTZ diagonal
stretch vibrations. This red shift of the C—H stretch vilmaal . . : . :
potential. A perfect match is obtained with the experimiynta

T o™ Shsened nequency (1724, Forhe =0 sietch mode
g P b high level description of the diagonal potential is thusasf-t

presence of an unassigned peak at 2560cmith low in- .

tensity. In a recent 1D IR experimental study of deuterateé‘fjm]Ount Importance.

MB by Steinel group®, a low intensity peak is observed at

2542 cmr1 which matches with the calculated frequency (see4 Deuterated Methyl benzoate
Fig. 3).

Closer inspection of this mode reveals that this frequencyDeuteration of MB in the ortho position of the benzene ring
originates from the combination of anti- symmetric C—H (two yields the syn- and anti- isomers of ortho-deutero methgt be
out of plane hydrogens) stretch vibration in the methyl grou zoate (0-DMB) shown in Fig. 6. In the potential energy min-
along with the out of plane rotation of the ester group w.r.t.ima the ester group remains in the same plane as the benzenc
the phenyl ring about the C—C bond (mode 1). The estering. Upon thermal excitation, the conformers intercohtagr
group rotational motion pulls in one out-of-plane hydrogeen a rotation of the ester group around the C-C bond axis. Tha
the plane of molecule and pushes the other from the moledsarrier height for the ester group rotation in MB is estindate
ular plane (see Fig. 5a). Such a bi-directional force changeat ~ 0.25eV, as calculated by the DF-MP2 method with aug-
the force constant of the anti- symmetric C—H stretch vibra-cc-pVTZ basis set. This is rather small and easily accessibl
tion, which unexpectedly lower the vibrational frequendy o even at room temperature and thus the conformers can eas
this band. Since this vibrational mode (mode 42) is stronghyily interconverted. Although both conformers have neatly t

6| Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Two structural conformers of MB and their approximate T; ol L |_
interconversion barrier height. (a) syn-o-deutero-metinzoate S r - |'| r ™
(syn-o-DMB) (b) anti-o-deutero-methyl-benzoate (arBdB). (c) 50|
Possibility to form five member rings between ortho hydrogéthe ~10071000 - 3000cm-3 R NN
phenyl ring and the ester group. Bond lengths are giveh and 10072 == = = 40
bond angles in degree. 50|
= ] _—m - -
Lrr_wrppre
S =
. i -1060| —\/SCF/MPZ VDZ
same molecular energy, they possess different vibrat©ral 159 > 3000 cm-1 xcma,%'gmazvegz

frequencies due to the different couplings to the estermrou
With the best possible computation (dual level VSCF) a C—
D stretch frequency difference of about 10chis found for
these two conformers .

4.1 Identification of isotope effects byco-diagonalization

The co-diagonalizatiotf method finds a convenient applica-
tion in vibrational spectroscopy to identify the couplinf o

41

42

Fig. 8 A comparison of vibrational frequencies of anti-o-DMB
calculated at different levels of theory w.r.t. VSCF/DFSlgvel of
calculation. The labels indicate the level of the theoryduee the
calculations.

The syn- and anti-isomers show a clear primary isotope ef-

different modes and isotope effects. When an atom is subfect for the 44" (2171 cn1) and 48" (2161 cnm?) vibrational

stituted with its isotope, some of the eigen vectors diffenf
the non-substituted molecule. In co-diagonalizationéte®

modes, respectively. The secondary isotope effects amdynai
due to the coupling with the C-D vibrational mode. A notice-

identified by non-zero off-diagonal elements. The freqyenc able feature of the isotope effect is that both isotoponteress

shift for the primary isotope effect appears in the diagahal

secondary isotope effects for the same normal modes (modes

ement and secondary effects appear as off-diagonal elemens, 13, 14, 17, 18, 19, 20, 23, 27 and 31), where as primary iso-
Fig. 7 (a) and (b) depict the resulting co-diagonalized matr tope effects are observed for different normal modes. Astro
ces of the syn- and anti-o-DMB. In both of the figures, fun- secondary isotope effect is observed at the upper left corne

3000 =
2000
1000 =

0 -
-1000 -
-2000 -

-3000 =

40

20

bttt b L

L

;207

40

R RS R N
20

Fig. 7 Frequency spectra (in cm) of Methyl benzoate
isotopomers. (a) syn-o-DMB and (b) anti-o-DMB.

B e s e R

of both the figures due to the coupling of C-D and methyl
group rotation (see Fig. 5b).

4.2 Vibrational frequencies of anti-o-DMB

For the deuterated species, the overall RMSD shows a similat
behavior as in undeuterated MB. Calculated harmonic and an-
harmonic diagonal frequencies are quite offset from therref
ence frequencies, which gives high RMSD values of 137tm
and 130cm?, respectively. Non-correlated VSCF dual level
frequency calculations based on MP2/aug-cc-pVTZ diagonal
and PM3 pair potentials also deviate considerably from the

reference frequencies (RMSD = 76 th). The non-correlated
damental frequencies are plotted on the diagonal and &siduvVSCF frequencies employing DF-MP2/cc-pVDZ pair and
couplings are shown as off-diagonal elements. The diagondF-MP2/aug-cc-pVTZ diagonal potentials show good agree-
and the upper left triangles are in same scale, shown in thment with the reference frequencies and yield a very low
left rainbow colour spectrum. Ten times magnified couplingRMSD of 14 cnt?, for all 48 modes. Figs. 8a, 8b and 8c de-
elements are shown in the lower right triangles, correspmnd pict the general features of the different computationatme
scale is given on the right side. ods for the deuterated MB. Table 2 presents the vibrational
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frequencies for the anti-o-DMB. Dual level frequency calcu basis sets. For example, when the diagonal potential for C—
lation employing DF-MP2/aug-cc-pVTZ diagonal potentials D (in anti-o-DMB) vibrational mode is calculated with aug-
and PM3 pair potentials for all 40 low frequency modes aremented basis sets, a 32 chifrequency shift is observed go-
not reliable, but for the high frequency modes it yields quit ing from AVDZ to AVTZ. On the other hand, a basis set im-
reasonable results. For the low frequency modes (40 modegyovement from AVTZ to AVQZ shows just 1 cm frequency

the non-correlated VSCF employing DF-MP2/aug-cc-pVTZshift (Table 3 coloumn SCF). The C-D shows also a red shift
diagonal as well as DF-MP2/cc-pVDZ pair potentials are inwhen highly correlated methods are used. A non-correlated
good agreement with the reference frequencies, yielding & SCF calculation where the diagonal potential for the C—D vi
RMSD of 13cntl. This level of computation is also ade- brational mode is calculated at the DF-L-CCSD(T)/cc-pVTZ
quate for the high frequency region and yields a RMSD forlevel, yields C-D frequencies of 2161 cthand 2171 cm?

the 8 C—H stretch vibrational modes of 17¢th for the syn- and anti-o-DMB respectively. When the DF-L-
CCSD(T) calculation is performed using cc-pVQZ basis only
43 C-D band for the deuterium and the directly connected carbon (for all

other atoms cc-pVTZ basis are used), the frequency is low-
The harmonic C-D vibrational frequencies at DF-MP2/aug-gred further by 5 cm' with respect to the DF-L-CCSD(T)/cc-
cc-pVTZ level are rather large, they are 2384¢mand pVTZ result (Table 3).
2392cnt for the syn- and anti-0-DMB, respectively. The = A detailed analysis of the coupling pattern shows that only
anharmonic diagonal frequency calculation at DF-MP2/aug few modes are coupled with the C-D stretch vibrational
cc-pVTZ level improve the results over harmonic calculatio ,ode. It is observed that modes 17 and 19 which correspond
by about 70 cm?. Itis noteworthy that the C—D stretching fre- to the C-D bending modes, are strongly coupled with the C—
quency is significantly improved by using the pair potestial stretching mode. The other modes like 12, 13, 14, 15, 16,
calculated at DF-MP2/cc-pVDZ level. The non-correlatedlg, 21, 24, have some weak coupling with the C-D stretch
dual level VSCF method yields C-D vi_brational frequenciesy;iprational mode (see supplemental information). All thes
of 2171cnr* and 2161 cm*, for the two isotopomers. modes are involved with some kind of C-D bending motions

see Table 2).
Table 3 The C-D vibrational frequency for anti-o-DMB. The ( )

diagonal potential for the C-D stretch vibrational modezkalated One f"'ght expect that hlghe_r OTO_'er tel_’ms in the many-body
at different level of theory and employing different sizebafsis sets. ~€XPansion of the PES have a significant influence on the vibra-

All other diagonal and pair coupling potentials are caltadeat tionallfrequenC)_/ of the anharmonic system. The_PMS triple
DF-MP2/cc-pVDZ level. coupling potentials were used for such an analysis. Selecte

PM3 level triple couplings were added to the DF-MP2/cc-
isotope  Method Basis Diag. SCF V-MP2 VC-MPRVDZ pair coupling. This lowers the C-D stretching fre-

MP2 DZ 2367 2233 2243 2247 quency negligibly (see supplemental information) indizga
syn-o  MP2 TZ 2336 2187 2210 2210 minor influence of triple coupling® for this particular mode.
DMB  MP2 ATZ 2198 2180 2202 2201  Two significant peaks are observed in the linear IR ab-

CcCsb(M Tz 2308 2161 2185 2184 sorption spectra (see lower right magnified region in Fig. 3)

MP2 A 2374 2242 2257 2257 \yhich are equally separated from the calculated C-D stretch

MP2 TZ 2343 219 2220 2219 frequency at 2189cmi. It seems that the C-D vibrational

MP2 QZ 2338 2190 2214 2214

stretching mode is coupled with some low vibrational modes

anti-o '\&Fl;zz ':‘?; 22322% 22212819 2222?192 ?2223;532 and due to the Fermi resonance it split up into two bands.
DMB MP2 AQZ 2335 2188 2212 2211
Ext AVXZ 2331 2183 2208 2207 44 C=0 band
CCsD(T) Tz 2315 2171 2194 2194
CCSD(T) T/Qz 2310 2166 2190 2189 Due to the structural arrangement, there is a possibilitgrm
PM3 selected triple 2172 2197 2197 a strained five membered ring between the ester and the pheny;

ring, which may induce an additional coupling between the

An interesting result is observed when the dual level calcuC=0 and the C-D band. The possible structure is showr.

lations are performed with systematically improved diagjon in Fig. 6¢c. Both the oxygen atoms in the ester group may
PES for the C-D stretch vibrational mode. With the improvedtake part in five membered rings along with the ortho gad

basis set (for all atoms same basis sets are used) for the diydrogens of the phenyl ring. The calculated possible non-
agonal PES, the C-D anharmonic vibrational frequency exbounded distances are4®9A and 2397A for the syn- and
hibits a red shift. The frequency change is rather large fomanti- positions, respectively, which are much larger theare-

the DZ to TZ basis sets, and it converges quickly for largerquired bond length to form a true five membered ring. There-

8| Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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Table 4 Dual level VSCF anharmonic vibrational frequency for the  ties are very high for the high frequency C—H stretch vibra-
C=0 stretch mode with DF-L-CCSD(T)/cc-pvTZ diagonaland  tjonal modes, up to a few hundred wavenumbers. Especially
DF-MP2/cc-pVDZ pair potentials. mode 42, which is unexpectedly red shifted, shows maximum
anharmonicity. Other than the C—H stretch vibrational nspde

'SOtCI’;’&B 1732(21':5 \1/'7'\;531 V%g";s Experimental diagonal anharmonicities are rather small{0cnt?). Few
Zﬁg_g_DMB Lroas 17941 1vo4d 1794 low frequency modes show anharmonicities slightly higher
MB 1725.6 17272 17272 than 10cm~. These vibrational modes are mostly involved

with C—H bending motions (see Table 2). For the first three
modes the calculated vibrational frequencies are nothielia

fore, isotopic substitution at the ortho position in the pyle and for that reason anharmonicities are also unreliable.

ring does not have any influence on the C=0 vibrational fre-
quency. The C=0 vibrational frequency remains largely un-4.6 Off-diagonal anhar monicity
changed for both syn- and anti-o-DMB (see Table 4). Anhar-

monic frequencies in dual level calculations yield the same?ff-diagonal anharmonicities calculated for the few spect

frequency of 1724 cmt for both syn- and anti- conformers, Scopically most_important modes_a_rg presented in Table. 6.
which is in agreements with the experimental results. Calculated off-diagonal anharmonicities for the C=0 vsDC—

o ) _ Table 6 Off diagonal anharmonicities for the C=0 and C-D
4.5 Anharmonicity observed in the VSCF calculations coupling modes calculated with non-correlated VSCF methitia
DF-MP2/AVTZ diagonal and DF-MP2/VDZ pair potentials.

Table 5 Diagonal anharmonicity for vibrational frequencies of MB

: . Coupling  level Wa (Y o Aw
%neotl r|]t§dt'wo isotopomers are calculated at the non-coreeM&CF SCF T 03 333309 4003846 067
COCD; V-MP2 1768.81 2242.75 4012.076 -0.52
Mode Isotopomer Mode Isotopomer VC-MP2 1768.81 2246.59 4015.142 0.36
No. —WMB Syn—anf— No. B syn o SCF 1770.62 2242.33 4012.771 0.18
COCDi1  V-MP2 1768.75 2257.22 4025.613 0.36
! 1r.7 189 176 25 13.9 13.2 12.2 VC-MP2 1768.75 2257.22 4025.654 0.32
2 175 16.8 16.7 26 9.7 5.7 13 - - - -
3 83.8 782 794 27 10.4 10.3 9.9
4 42 41 38 28 22.9 22.9 19.7 coupling modes for both the isotopomers are less than a wave
5 91 89 88 29 5.6 6.2 5.9 number. Such a negligibly small off-diagonal anharmopicit
6 38 38 37 30 -3.2 -8.3 -6.3 also indicates that there is negligible direct couplingisen
7 57 25 22 31 4.9 7.2 4.5 the C=0 and the C-D vibrational modes.
8 3.7 4.4 3.6 32 1.5 10.9 9.9
9 5.2 5.8 5.3 33 5.0 4.2 6.7
10 03 07 08 34 3.8 6.2 5.2 5§ Conclusions
11 1.9 1.9 1.9 35 1.2 0.9 1.2
2 -05 -09 -13 36  -102 -101  -10.1 |t has been observed that harmonic frequencies are very poer
13 2ll 2l7 196 37 2.9 34 24 approximation to assign the vibrational frequencies oftikt
1451 1?:2 %g.'f 13.-3? 3?98 '5 '01 'é_ g 1 benzoat and its two isotopomers. Anharmonic diagonal fre-
16 78 70 55 40 68 71 .6.6 duencies show some improvements but were still not suffi-

17 257 40 37 41 120.8  -28.7 _25_1 cient to reach a reasonable assignment. The fundamemtal tra
18 16 96 99 42 2787 -2143 -216.9 Sition frequencies calculated with the VSCF method from a
19 11.4 126 15.0 43 -155.0 -123.6 -123.7pair potential energy surface expansion seem promising, es
20 33 51 -59 44  -198.7 -170.1 -124.9 pecially when the 2D PES are calculated at a sufficiently high

21 260 296 244 45 -88.5 -114.6  -68.5ab initio level. The success of the VSCF frequency calcu-
22 57 17 34 46  -1023 -90.3 -87.4 |ations depends upon the accuracy of the PES, in particular
23 211 204 215 47 -88.3  -87.4  -85.1 pear the equilibrium where denser grid points are required
24 21 01 44 48 67.7 703 -945 puyal level computations in which the diagonal anharmonic

potential along a single vibrational mode is calculatedhgisi
The diagonal anharmonicities in frequency calculatioes ar higher level ab initio methods than for coupling potentials
presented in Table 5 where mode numbers are based on tipeovide an efficient route to the computation of the PES ex:
harmonic normal mode analysis. The diagonal anharmonicipansion in the VSCF framework. Such a dual level VSCF
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calculation with DF-L-CCSD(T)/cc-pVTZ diagonal and DF- by Deutsche Forschungsgemeinschaft. Computationaitfacil
MP2/cc-pVDZ pair coupling potentials provided a nearly-per from Leibniz-Rechenzentrum is gratefully acknowledged.

fect agreement of the C=0 vibrational frequency with respec
to the experimental result.

Carrying out a systematic study,
pair couplings are not necessary to describe a particlaavi
tional band. Using only 14 coupling potentials for the C-D
stretch vibrational mode the computed frequency is in good2
agreement with the result based on the full set of 1128 cou-3
plings. Non-uniform IMLS interpolation has been success-
fully used to reduce the computational cost for potential en
ergy surface generation even further.

An unexpected red shift has been observed for a C-Hs
stretch vibrational mode when the VSCF calculation has been
performed with pair coupling potentials. The inability todi 7
this mode in harmonic and diagonal anharmonic calculationsg
indicates that this is a concerted anharmonic effect, par a o
higher order couplings are in fact necessary to understasdt 10
feature. The investigations for the C—H(D) stretch vilmadil
modes with selected triple couplings at PM3 level do not im-11
prove the results much over the ab initio pair coupling cal-}?
culations. This could indicate that either PM3 triple congl
potentials are in sufficient or that higher order couplirfigets 5
are negligible in this model. 16

The correct assignment of the C-D stretch frequency stilb7
poses a problem to both the theoretician and experimental8
ist. The calculated C-D stretch frequency just sits betwieen
two strong peaks observed in the linear IR absorption sqi)ectrl
at the expected C-D frequency region. It seems that the C-b;
stretch frequency mode is coupled with some low vibrationab»
frequency modes and thus it is shifted equally in both direc-
tions and appears as two peaks. Vibrational Cl calculatior?3
may be necessary to describe this feature. 24

The diagonal and the off-diagonal anharmonicities have?

5

14

been calculated by non-correlated VSCF method. Other thag,
for a few low frequency modes, which are involved in the C—H
bending modes, diagonal anharmonicities are very smaé. Th2s
negligible off-diagonal anharmonicity for C=0 and C-D cou- 29
pling modes indicates that these modes are mostly decaupled

VSCF is a mean field approach. Calculation of combinatio
band and degenerate or near degenerate vibrational maes ap,
still a problem with VSCF approach. For degenerate vibrass
tional modes it causes singularities, as a result caloumas 34
collapsed. To overcome this problem for combination band5
and near degenerate vibrational mode, it is necessarydo-cal
late both the vibrational bands separately or treat themgusi 27
Cl calculation.

38
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