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Vibrational Raman and Raman optical activity (VROA) spectra have been obtained ab initio for various
conformations ob-lactic acid,b-lactate, and-glyceraldehyde. The calculations have been carried out at the
linear response self-consistent field level. The VROA spectra have been found to be very sensitive to the
conformational changes. The VROA parameter of the stretching vibration of the carbonyl group is shown to
be a promising parameter for structural investigations because it changes sign when a short internal hydrogen
bond OH--OC is formed. Raman spectra do not exhibit such sensitivity to the molecular conformation, although
an analysis of the stretching vibrations of the hydroxyl group can also be helpful in localizing internal hydrogen
bonds.

I. Introduction the VROA spectrum of a model peptide has been simulated by
means of the sum-over-states density functional theory (SOS-
DFT) methoc® The spectrum of -alanyl+-alanine dipeptide
has been also calculat@ddowever, to our knowledge, no ab
initio calculations of the VROA spectra of carbohydrates, the

Vibrational Raman optical activity (VROA), until recently a
scientific curiosity, is now receiving much attention as a probe
of molecular conformation, in particular for biomolecufes.
VROA spectroscopy, in contrast to conventional Raman spec- . . . .
troscopy, discriminates between individual enantiomers and asother Important c_Iass of biologically active molecules, have been
such it is suitable for the study of optically active molecules, "€POrted in the literature.
to which class the building blocks of living matter belong.  In this paper we try to fill this gap. Frequency-dependent
Nowadays the advancement in laser technology enables us tdinear response self-consistent field calculations of the Raman
collect spectra of biologically interesting molecules (such as and VROA spectra of lactic acid (also in its deprotonated form)
peptides and nucleotides) in an aqueous environfrent. and glyceraldehyde have been carried out. Gauge invariant

The ab initio calculation of VROA spectra is a difficult and ~ atomic orbitals (GIAO) are employed. The two molecules play
time-consuming computational task. To predict a VROA @ primary role in metabolism and are at the same time the
spectrum, it is necessary to evaluate the geometric derivativessimplest examples of chiral carbohydrate and chiral aldaric acid,
of the dynamic electric dipoteelectric dipole polarizabilityx, respectively. Spectra have been calculated for several conformers
of the optical activity tenso6’, and of the electric dipote of each molecule and, additionally, for the lactic acid anion.
electric quadrupole polarizabilit. Such computations are in ~ We hope that the analysis of the influence of molecular
general time-consuming, especially when the derivatives are conformation on the Raman and VROA spectra of these
taken numerically. Moreover, as it is usual in the case of biologically active compounds will contribute to the develop-
calculations of properties involving magnetic dipole and electric ment of VROA spectroscopy as a tool for structural studies.
guadrupole moment operators, the problem of origin dependence To our knowledge no experimental VROA spectra of the
of the results arises. As a consequence, most of the theoreticamolecules investigated here are available in the literature. The
studies of the VROA effect have been focused on the smallestRaman spectra of lactic acid and sodium lactate have been
molecules exhibiting vibrational optical activity, such as collected in aqueous solutidf!! It is difficult to investigate
CFHDT, H0,, and methyloxirané# There are also several glyceraldehyde, present in most solvents in the form of dimers,
theoretical studies in the literature predicting the VROA by means of spectroscopic methods. However, the Raman and
spectrum of alanin&,” the smallest chiral amino acid. Recently, IR spectra of solutions containing glyceraldehyde have been
reported in the literatur€13and some of the bands have been
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comparison of the theoretical predictions with the experimental more information concerning the mechanism of VROA, see refs
spectra would be problematic even if more experimental data 4, 14, and 16.
were available. However, the main task of the paper is to get B. Computational Details. Equilibrium structures of lactic
some insight into the influence of the molecular conformation acid, lactate, and glyceraldehyde have been found by an
(and in particular of the presence of internal hydrogen bonds) unconstrained geometry optimization at the SCF level. After
on the VROA spectra using glyceraldehyde and lactic acid as that, the optimization has been repeated at the MP2 level,
model compounds, rather than to predict the actual spectra ofstarting from the SCF minimum structure. It is possible that
these molecules. there are also other minima on the potential energy surface of
In the next section the theory underlying the calculation of the molecules under investigation, but we believe that the lowest
VROA is briefly outlined and the computational details are lying ones are all accounted for. The issue will be addressed in
given. The results of the calculations are reported in section some detail in the next section. The calculations have been
Ill. First, the optimized structures of the molecules under study performed using the Dunning’s aug-cc-pVDZ basis set on
are described, then the Raman and VROA spectra are discussedatarbon and oxygen and cc-pVDZ on the hydrogen atbim.
Finally, the calculated spectra are compared, when possible, withThe same basis set has been used for geometry optimization

experiment. The paper ends with a summary. and later for calculations of the Raman and VROA spectra.
Spectra have been calculated for molecular structures opti-
Il. Theory and Computational Details mized at the SCF level. The, G, andA tensors, which in the

A. VROA. The VROA effect is usually described by means notation of modern response theory can be writtéfi as
of the absolute difference between scattered intensities with

linear a-polarization for right- and left-circularly polarized Up(— @5 @) = = Mgl (8)
incident light, 1§ — 15, or by means of the relative dimension- _
less circular intensity difference (CIDY,* Gp(—w; w) = — iiky;My[T] C)
IG— 1o A (—0; ) = Ty 0, ) (10)
« T R L 1)
o+ 1,

are computed by means of the linear response self-consistent
field (SCF) (or random phase approximation) approach. Above

We shall present here the absolute VROA paramkter I, a, Mg, and Oy, are tensor components of the electric dipole
for backscattering configuratiomy(180°), which for Rayleigh  \oment, magnetic dipole moment and electric quadrupole
optical activity is proportional ttf moment operators, respectively. Unless otherwise stated, mag-
netic field-dependent GIAO orbit#s26 have been used for
A(18C) ~ 24[[3(@’)2 + %ﬁ(A)Z] ) calculation of theG' andA tensors. The frequency employed
corresponds to the wavelength of 514.5 nm, the green line of

the Ar laser, which has been used for collecting Raman spectra
of the molecules under stulfy!® and is commonly used also
in VROA spectroscopy.
The Raman and VROA spectra are obtained from the
responses, eqs80, by numerical differentiation with respect
to nuclear geometric coordinates. A three-point formula with
displacements af: 104 atomic units from the original geometry,
as described in ref 4, was employed. The SCF force field was
used. All reported frequencies are unscaled. The theory underly-
ing the ab initio calculations of the VROA parameters at the
1 linear response SCF level with magnetic field-dependent London
0= S0q (4) atomic orbitals is described in detail in ref 4.
Geometry optimization has been performed using the GAUSS-
, 1 IAN9827 package. For all the calculations of Raman and VROA
o) = 580005 — lgOlsp) (5) spectra, the DALTON packa@ehas been used. The vibrational
modes have been analyzed using the VEDA progiam.

For linearly polarized incident light in the backscattering
configuration the Rayleigh intensityis proportional t&°

| ~ 9002 + 88(1)? (3)

Herea, S(o), S(G)?2, andB(A)?, are invariants of the electric
dipole—electric dipole polarizability tensar, the optical activity

tensorG’ tensor, and the electric dipetelectric quadrupole
polarizability A tensor, respectively, i.e.

BG) = %(3%[36&[, = 0, Gpp) (6) lll. Results and Discussion

A. Geometric Structures. The structures ob-lactic acid
21 (I'and Il) andp-lactate (lll), optimized at the SCF level, are
PR = S0 p€aysPy op @) presented in Figure 1. Those ofglyceraldehyde, IV-1X, can
be seen in Figure 2. Table 1 contains the energi® of
Greek subscripts denote Cartesian components whereas repeateslactic acid and>-glyceraldehyde relative to the most stable
suffixes indicate summation over tensor componertss conformation of each molecule, i.e., | and 1V, respectively, the
denotes the LeviCivita symbol, andv is the laser frequency.  relative energies with zero-point vibrational correctiok,,
For Raman scattering, the tensorsG’, andA are replaced and the hydrogen bond lengths.
by corresponding vibrational Raman transition tensors. In the  1.p-Lactic Acid andb-Lactate AnionThe molecule of lactic
approach employed in this paper the Pladzelnd harmonic acid has four bonds around which free rotation is possible. This
approximations are used, which means that the vibrational results in a large number of local minima. However, the
Raman transition tensors are approximated by geometric deriva-assumption of the existence of an internal hydrogen bond limits
tives (with respect to normal coordinates)eqfG', andA. For considerably the number of possible structures. Without the



11010 J. Phys. Chem. A, Vol. 106, No. 46, 2002 Pecul et al.

hydrogen bond with respect to the SCF results. This effect has
been frequently reported in the literatife.

2. p-GlyceraldehydeGlyceraldehyde has also four bonds
around which the rotation is allowed, but there are more
possibilities to form internal hydrogen bonds than in lactic acid.
Therefore there are more low-lying minima on the potential
energy surface. The conformation space map calculated at the
SCF/3-21G levéP contains 27 local minima for an aqueous
environment in the continuum model, the lowest 14 having their
counterparts in the gas phase.

The five lowest structures from ref 13 have been used as
starting points for our calculations. All of them remain minima
both at the SCF level and in the MP2 calculations with the aug-
cc-pVDZ basis set (cc-pVDZ on the hydrogen atoms). These
minima are denoted as PWVIII. Additionally, our calculations
have led also to IX, not reported in ref 13, a structure that is
characterized by a significantly larger energy than the first five
(see Table 1). It also appears as a minimum on the MP2 potential
energy surface. All the structures are shown in Figure 2. Again,
there are more minima on the potential energy surface, but they
have much higher energy, as ref 13 indicates.

In IV, the global minimum, there are two internal hydrogen
bonds, one between the hydroxyl proton H5 and the oxygen
03 from the carbonyl group and a second one, significantly
longer, between the hydroxyl proton H1 and the hydroxyl
oxygen O2.

V, slightly higher in energy with respect to 1V, has the same
pattern of hydrogen bonds and it can be obtained from IV
through an internal rotation by 6Ground the C+C2 bond
and by a rearrangement of the H1 proton.

VI has a different arrangement of internal hydrogen bonds
than the first two structures: the cabonyl oxygen O3 is an
acceptor of the hydroxyl proton H1, whereas the proton H5
forms the hydrogen bond with the hydroxyl oxygen O1. This
results in one six-membered and one five-membered ring formed
by internal hydrogen bonds. These hydrogen bonds are longer
than those in IV (see Table 1), and VI lies higher in energy

than IV.
In VIl there is again a hydrogen bond between H5 and O3,
Figure 1. SCF-optimized structures af-lactic acid andp-lactate. forming a five-membered ring. Formally, there is no second
Dashed lines indicate the presence of hydrogen bonds. internal hydrogen bond, but this structure receives additional

stabilization from the hydrogen bond-like interaction between
stabilizing influence of the internal hydrogen bond, the other the aldehyde proton H6 and the hydroxyl oxygen O1. Interest-
minima should be much higher in energy. ingly enough, the zero-point vibrational corrections in VI and
Two stable minima have been found for lactic acid at the VIl are large enough to reverse their relative stability at both
SCF level, both with an internal hydrogen bond between the SCF and MP2 levels of theory (see Table 1).
proton H5 of the hydroxyl group and the carboxyl group. In Structure VIl resembles IV because it has a hydrogen bond
structure | the carbonyl oxygen atom O2 acts as a proton between H5 and O3, but there is no second internal hydrogen
acceptor, whereas in structure Il the oxygen atom O3 of the bond and, consequently, this structure has a higher energy than
hydroxyl group carries out this function. I, with a shorter [V. However, the relatively small energy gap between VIl and
hydrogen bond and an almost planar structure of the five- IV suggests that VIl is stabilized by a reduction of the torsional
membered ring containing it, is significantly lower in energy tension.
than I1. Structure 1X, significantly higher in the energy than the other
The conformation of the lactate anion Ill is similar to that of five, has a bifurcated hydrogen bond: the hydroxyl proton H5
structure | of the protonated form. As expected, the internal is close to both the oxygen O3 from the carbonyl group and
hydrogen bond is shorter in the anion (1.897 A, to be comparedthe oxygen O1 from the other hydroxyl group. The -H53
with 2.130 A in the protonated form) and is closer to linearity and H5-O1 distances are similar, especially at the MP2 level.
(the O1H502 angle is 124.71n the anion and 114%in the Similarly as for lactic acid, optimization at the correlated level
protonated form). shifts the relative energies of the conformers of glyceraldehyde,
The geometric parameters obtained at the MP2 level do notbut it does not cause major qualitative changes in the sequence
differ substantially from those obtained at the SCF level. The of conformers on the energy scale.
reoptimization at the MP2 level confirms the stability of the The conformations of glyceraldehyde were also studied in
two structures of lactic acid and their relative energy. However, ref 31 at the SCF, MP2, and DFT levels, but using a smaller
the MP2 optimization leads to the shortening of the internal basis set. Three of the structures reported there have been found
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VI

TABLE 1: Relative Energies (kcal/mol) and the Internal

Hydrogen Bond DistancesRy(O++-H) and Rx(O+++H) (A) for
Various Conformations of p-Lactic Acid and
D-Glyceraldehyde

ADy AD, Ry(O++H) Ry(O+++H)
SCF MP2 SCF MP2 SCF MP2 SCF MP2
p-Lactic Acid
I 0 0 0 0 2.13G" 2.096
Il 1.84 1.88 1.93 1.88 2.3002.24%
Il (anion) O 0 0 0 1.897 1.794
D-Glyceraldehyde
v 2,149 2.072 2.520 2.43%
\% 1.19 1.35 1.03 1.24 2.1442.084 2.436 2.364
VI 1.43 1.88 1.53 2.02 2.4002.30Y 2.526 2.369
VI 1.40 2.38 1.14 211 2.1212.05% 2.647 2.650
VI 262 2.82 215 2.38 2.1482.087
IX 4,22 425 3.73 3.69 2.4442.482 2722 2.58F

2H502.° H503.¢H102.9H501.°H103.fH601.

IX

Figure 2. SCF-optimized structures afglyceraldehyde. Dashed lines indicate the presence of hydrogen bonds.

according to ref 31, VII, instead of V, is the second lowest local
minimum. This demonstrates the importance of the basis set
quality for this type of calculations. The other two structures
found in ref 31 are much higher in energy and belong to the
manifold of those not considered in the present paper.

B. Raman and VROA Spectra. 1. p-Lactic Acid and
D-Lactate. The calculated Raman spectramfactic acid and
D-lactate are presented in Figure 3. Due to the large differences
between the Raman intensities of the bands of the high-
frequency stretching modes and the remaining bands, the spectra
are shown separately for the-@100 and 29064500 cn1?t
regions (there are no vibrations in the 23:@®00 cnt! range).

The same arrangement has been adopted for the VROA spectra
of p-lactic acid andp-lactate (Figure 4) and later on for the
calculated Raman and VROA spectra oifglyceraldehyde
(Figures 5-8). All the spectra have been simulated by
assigning a fixed arbitrary bandwidth of 8 ci to

each Lorentzian band. In the absence of experimental data

also in the present paper (cf. structures 1V, V, and VII) but their for the bandwidth, the same value as used in ref 32 was
relative stabilities differ. The global minimum is the same but, employed.
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Figure 3. Calculated Raman spectra pflactic acid ando-lactate:
(@) vo(O—H); (b) v2(O—H); (c) v{(CH); (d) »(C—H); (e) »(C=O); (f)
v(C—C); (9) (C—C); (h) »(O—H); () v(CHs); () »(C—H); (K)

Figure 5. Calculated Raman spectramflyceraldehyde, IV VI: (a)
v1(O—H); (b) v2(0O—H); (c) »(C=O0).

vadCO,7); () 0adCHg); (M) v{(CO;7); () ¥(C—CO,Y). ; 40
2. 4 4] VI |
I | L c
14 c l b | 2 ] 20
0 l N L_l l h | 7] " I 27 a
] LA g T Tr [ 77 vl F I (4] | l bll L
-1 L2 N B | .U.mLM )y
o T I ' 1 w77 1 T T T 0
2 ] [ 4 0 800 1600 3200 4000
(1] 800 1600 3200 4000
24 4 4
J [ | v
1 4 1 -2 ) 25
0 1'. U | | 1/ 0 a |
‘[ Y T H' Y77 T ] 1 lll
i c L
-1 Ih -2 0 sy lll UIIL.lllJ\Il M . . Lo
2 j '__4 0 800 1600 3200 4000 40
o 800 1600 3200 4000 [
3.0 - 10 44 IX
III l L
1.5 -5 ] - 20
(]
0 o A Lﬂ l l A Ll J l I o 2 ]

. T T T v I"I 77 ’I Id ] b a fr
-1.5 -5 0- Lo
3.0 _ _ .10 0 800 1600 3200 4000

(] 800 1600 3200 4000 viem®
v/em’ Figure 6. Calculated Raman spectra pfglyceraldehyde, VH-IX:
Figure 4. Calculated VROA spectra af-lactic acid andp-lactate: (@) vo(O—H); (b) »2(O—H); (c) »(C=0).

(@) v1(O—H); (B) vA(O—H); () »(C=O): () (O~H): (8) vad CO). C=0 bond stretching is more intense in | than in Il. The other
The Raman spectroscopy does not differentiate strongly difference between the two spectra is that for | two vibrations
between conformers: the Raman spectra for structures | and Ilin the 806-900 cnt? range (f and g corresponding to stretching
of lactic acid are similar. The most noticeable difference is the of the CC bonds) have a similar and relatively substantial Raman
larger Raman intensity of the first modey(O—H) (a), corre- intensity, whereas for Il vibration g with lower frequency has
sponding to the O5H1 stretching, in the spectrum of Il. This a much larger Raman intensity than f.
is probably due to the weaker hydrogen bond of proton H1 in  The VROA spectra ob-lactic acid and the-lactate anion
Il than in |, because the formation of a hydrogen bond decreasesare shown in Figure 4. The absolute VROA effect is larger for
the polarizability of the OH bond, and therefore causes a the high-frequency vibrations, especially for the g stretching
decrease in the Raman intensity of the corresponding stretchingmodes, than for the low-frequency vibrations. However, this is
vibration. In contrast to that, mode e corresponding to the only a consequence of higher Raman intensity of the high-
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309 v f6 _ Th(_e yROA of the stretch_ing(C_=O) (c) mode is small, but _
15 ce 5 it exhibits a remarkable variation in the two conformers of lactic
'_ Jlll ¢ 1 L acid under investigation: it is positive for I, with the carbonyl
0.0 ey JY ,,‘Y‘ #H T “ 0 group engaged in the hydrogen bond, and negative _for Il, wh(_ere
15 d " [ 3 the carbonyl group is free. For lactate the asymmetric stretching

] I vibration of the CQ~ groupv.{CO,") (e) has a positive and
-3.0- L6 relatively significant VROA, both absolute and relative, which
3_0_0 800 1600 . 3200 4000 10 corresponds to the strong hydrogen bond of the carbonyl group.
1v d [ 2. b-GlyceraldehydeThe Raman spectra calculated for the
1.5+ e S conformers ob-glyceraldehyde are shown in Figures 5 and 6.
0.0 L yrars 1 .1 bkl 1// Il - Lo Similarly as for lactic acid, the spectra calculated for different
1 § b structures look similar at a first glance, except for the shifts in
-1.54 -5 vibrational frequencies. However, there are also some subtle
3.0 [ 10 effects on the intensities, similarly as for lactic acid. The Raman

0 800 1600 3200 4000 intensities of the stretching vibrations of the OH bonds,
300 4 11(0O—H) (a) (of 01-H1) andv,(O—H) (b) (of O2-H5), are
1.5 - f Lo smaller when the protons are engaged in a strong hydrogen bond.

1 T h . 5 ll b [ This difference between bands corresponding to stretching
o.o_ T LM T [ [0 vibrations of the free and hydrogen-bonded OH groups is

1.5 Y ¢ al o, particularly pronounced in the spectra of structures VIl and VIII,
1 - where only one of the hydroxyl groups forms a hydrogen bond,
'3-0‘0 800 1600 3200 4000 4 and tht_a bqnd_ porresponding to the stretching vibration of this
p group is significantly smaller than the other one. The Raman
viem intensity of the stretching vibration of the carbonyl group (c) is
Figure 7. Calculated VROA spectra af-glyceraldehyde, IV-VI: (a) similar for all the conformers (slightly smaller only for VI and
v1(O—H); (b) v2(O—H); (c) »(C=0); (d) 6(O—H); (e) »(C—0); (f) VIIl). As far as the other vibrations are concerned, there are
Y(C~0). some effects when the conformation changes but they are
3.0- 6 difficult to analyze.

{ VI r The VROA spectra of six structures ofglyceraldehyde are
1'5‘_ llf l _’3 shown in Figures 7 and 8. Like for lactic acid, the spectra of
0.0 1 ,1 | 10,/,/ w10 various conformations look completely different. Their analysis

1 K ” b | is difficult but we are able to give guidelines for correlating

'1'5“_ € _"3 VROA spectra and molecular structure.
-3.0- - -6 The most localized vibrations are the stretching modes of
3.0_0 800 1600 3200 4000 the hydroxyl groups (a and b), and one may suppose that the

1 vin f L1o Raman optical activity of these vibrations may bring some
1.5+ ° c I structural information. However, it turns out that correlating the
0.0 — '1 m Ll 1/,,, . alo VROA of these vibration with the molecular conformation is

; T ] d 8] problematic. The VROA of the OH stretching vibration is in

1.5+ | 10 most cases negative when the group is engaged in a hydrogen
3.0 I bond, and it tends to assume larger negative values when the

0 800 1600 3200 4000 hydroxyl group acts as both proton donor and proton acceptor
S [ f ré (see, for exampley,(O—H) (b) for structure IV, vo(O—H) for
1.5 ¢ b1, V, v1(O—H) (a) for VI). This was also seen for lactic acid above.

1 L lLeMd 1 m la 3 However,vo(O—H) (b) (of the O2H5 bond) in structure VIII
0.0 pmpa——als Y  —a 0 has a positive VROA, even though this OH group forms a strong

15 Y I [ 3 hydrogen bond with the carbonyl group. The VROA of

. - v1(O—H) (a) in V (the stretching vibration of O1H1 bond) is

-3.0 - -6 also positive. VROA parameters are also positive for both
0 800 1600 3200 4000 hydroxyl stretching vibrations in IX, but here the internal
vlem’ hydrogen bonds are very weak.
Figure 8. Calculated VROA spectra af-glyceraldehyde: VH-IX: The VROA of the stretching vibration of the carbonyl group
(8) vi(O—H); (b) v2(O—H); (c) »(C=0); (d) 6(O—H); (e) »(C—0); »(C=0) (c) exhibits a feature similar to that seen in the lactic

() v(C=0). acid: it is positive for all structures where the carbonyl group
frequency vibrations because the relative CID values are, asis engaged in a strong hydrogen bond forming a five-membered
usual®® much larger for low-frequency than for high-frequency ring and it is negative for structure VI, which is characterized
vibrations. Unlike the Raman spectra, the VROA spectra differ by a six-membered ring where the hydrogen bond is much
considerably for the two conformers. weaker (judging from the proton-oxygen distance). It seems
In the high-frequency region, the;(O—H) (a) stretching therefore that the stretching mode of the=Q group could be
mode of the O1H5 bond, attached to the center of chirality, has utilized for locating hydrogen bonds. It is in fact well suited
a relatively high Raman optical activity. The negative VROA for this purpose, because of the local nature of the vibration.
of this vibration is larger for structure | and the anion lll, where According to our results for glyceraldehyde and lactic acid, the
H5 interacts with the carbonyl group, than in Il with the stronger the hydrogen bond of the carbonyl group, the more
hydrogen bond of H5 to the oxygen O3 from the OH group. positive VROA of the stretching mode of the<®© bond for
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TABLE 2: Comparison of the A(18C°) Circular Intensity Significant optical activity is exhibited by the stretching
CD;iIfLeorence dCa't%ugted fort'_Strulc'&L‘:re | OgDé)l.-ta‘l:tiCGA.Cid with vibrations of G-H bonds, the stretching vibrations of single
Tarms ci‘nth;v;?elatci)\?getgliflfgrr]:ncegm(&) rotais, Given in C—O bonds (the bands e and f in the 135(P80 cn* range),
by the bending modes of OH groups (d) and of the C2H4 bond
mode freq (cm’) A (%) (1300-1550 cmY), by the torsional motion around the CO
1 4118 1.9 bonds (bands in the range 36800 cnt?), and for some of the
2 4107 —24 conformations, by the bending and torsional vibrations of the
i g%g :2:% aldehyde group. However, we do not see any consistent pattern
5 3186 11 correlating their magnitude to the molecular conformation.
6 3173 32.0 3. Role of GIAO Orbitals.The basis set used for the
; igzg g; calculations of the VROA spectra is rather small, although it
9 1600 17 contains the diffuse functions necessary for this type of
10 1563 ~6.0 calculations' Some assessment of the error introduced by the
11 1527 —-13.9 basis set incompleteness can be obtained by comparing VROA
12 1466 -18 calculated with gauge invariant atomic orbitals with that given
13 1447 —29 by conventional atomic orbitals (with gauge origin at the center
14 1375 —2.2
15 1319 113 of mass of the molecule), because the use of GIAOs not only
16 1265 25 ensures origin invariance but also improves the quality of the
17 1205 -8.0 basis set.
18 1139 —05 The relative differences between VROA parameters for
19 1013 -6.7 A . . : _
20 879 42 structure | ofb-lactic acid obtained with the conventional basis
21 806 0.3 set and those obtained with the use of London’s orbitals are
22 685 9.1 collected in Table 2. The differences between the two sets of
23 607 0.0 results are minor. The discrepancy is usually below 3%, in
gg igg _116(? particular for all the modes with significant VROA. The
26 358 04 difference is larger than 10% for a few vibrations only, all of
27 286 —8.4 them corresponding to VROA parameters close to zero. It
28 271 —3.6 suggests that the basis set employed, although of moderate size,
gg 22% —9?6-% is in fact appropriate for the calculations.

C. Comparison with Experiment. 1. p-Lactic Acid and
D-enantiomers. However, the other structural features also D-Lactate.The Raman spectra of lactic acid and sodium lactate
contribute to the VROA parameter of thC=0) vibration (for have been collected in agqueous solutigh,which makes the
example, in structure IX the VROA is substantial despite a comparison of theoretically predicted and experimental spectra
relatively weak hydrogen bond) and more studies of this subject very complicated. To illustrate some of the difficulties associated
would be welcome. with that, we present in Table 3 the calculated Raman spectrum

TABLE 3: Comparison of the Calculated and Experimentaf Raman Spectrum of Lactate Anion

frequency intensity frequency intensity

SCF MP2 SCF exp exp
3963 3385 51.6 »(O—H)
3255 3166 72.2 Vad CHs) 2985 s vadCHs), v5(CHa)
3207 3138 76.8 Vo CHs) 2935 vs Vo CHs), v4(CHs)
3151 3048 461.4 v(CHa) 2900 sh Vad CHs), v5(CHs)
3138 3030 112.0 »(C—H) 2885 s »(C—H)
1810 1662 4.8 2dCOz") 1590 (1585) m 2dCOz")
1604 1499 3.2 0adCHs) 1470 sh 0adCHs)
1590 1490 5.8 52dCHs) 1455 s 52dCHs)
1562 1440 7.2 o0(0—H) 1420 S v(COy)
1518 1380 5.8 vsCO,~ 1390 sh 0CHs
1482 1350 14.8 vCO,~ 1365 m 0CH3
1460 1340 3.0 5(C—H) 1315 m 5(C—H)
1357 1237 3.8 5(C—H) 1285 m 5(C—H)
1245 1128 3.6 »(C—0) 1270 s 5(0—H)
1203 1123 8.4 »(C—CHy) 1125 m r(CH), 1(C—0)
1133 1046 4.4 »(C—0), 5(C—COH) 1085 (1090) s »(C—0)
1001 917 4.6 »(C—0), (C—CO;"), ”(C—CHs) 1045 s »(C—CHy)

911 834 23.0 »(C—CO,"), (C—CHa), 3(CO>") 930 m r(CH)

852 764 5.0 r(Ch) 860 Vs »(C—CO,")

700 720 4.0 ¥(C—CO;), 5(COy) 775 m 6(COy)

645 640 0.8 5(C—COH) 660 m 5(C—COH)

565 520 5.6 w(CQ) 540 s w(CQ")

449 412 1.2 n(CQ) 430 m n(CQ")

370 345 1.0 W(CQ) 350 w 5(CCC)

280 254 0.8 5(CCC) 280 m 7(CCC)

246 234 0.2 7(CCC)

75 79 0.6 7(COy)

a Experimental Raman spectrum in aqueous solufiohIR frequencies in parentheses.
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of the lactate anion and the experimental spectrum of sodium TABLE 4: Comparison of the Calculated and ExperimentaF

lactate, taken in an aqueous solutién. C=0 Stretching Frequency of Glyceraldehyde (cm?)

The picture is relatively clear for the high-frequency region. SCF MP2
According to our results, the largest Raman intensity corresponds v 1979 1730
to the symmetric stretching vibration of the ggtoup; the band \Y 1977 1721
corresponding to the stretching vibration of the OH group was VI 1975 1722
not determined experimentally due to the Raman scattering of x::l %ggg %;51,57)
water. However, for the lower frequencies, especially in the | 1088 1730

region below 1200 crt, it is difficult to assign theoretically
obtained frequencies to a given experimental band. In most cases
the vibrational energy is evenly distributed among several
internal coordinates, which makes it impossible to discuss the *Reference 13’ Assignment of ref 13.
vibrations in terms of characteristic modes, as it was done in
the experimental papé?.Solvent effects, which can be assumed
to be substantial, additionally complicate the comparison. It is
rewarding that the stretching vibration of the C2C3 bond
v(C—CO,") (denoted as n in Figure 3), dominating the
experimental Raman spectrum in the region of low frequencies,
has also a substantial Raman intensity predicted theoretically.
The relatively large Raman intensity of thg(CO,™) (m)
vibration is also reproduced theoretically. However, the large |/, summary

intensity of the asymmetric bending mod&g CHs) (e.g., | in )

Figure 3) is not. As expected, the MP2 frequencies are much We have presented the results of the linear response SCF

closer to the experiment than the SCF resullts, for both lactate calculations of Raman and vibrational Raman optical activity
and lactic acid. spectra forp-lactic acid (two conformers)p-lactate, and

D-glyceraldehyde (six conformers). The main conclusions can
be summarized as follows.

Raman spectroscopy does not discriminate strongly between
various conformers of the same molecule, although it has been
shown to be applicable for analysis of the mixture of various
carbohydrate! A discernible feature is a decrease in the Raman
intensity of the OH stretching vibration when the hydroxyl group
is a proton donor to an internal hydrogen bond. Unfortunately,
this observation cannot be employed in practice, at least not in
'_aqueous solutions, because OH stretching bands are likely to
2 be obscured by the Raman scattering of water. The structural

effects on the Raman intensities of the other vibrations are small

and difficult to analyze.
The vibrational Raman optical activity spectra change pro-
undly when the molecule assumes a different conformation.
many cases even the sign of the circular intensity difference
changes when the conformation is changed. The relative CID
values are large for the bending and out-of-plane vibrations,

exp five-membered rirfgin water) 1730
exp six-membered rifkgin triethylamine) 1724

with a five-membered ring, 1V, has indeed a higher frequency
than VI, with a six-membered ring, and the frequency values
obtained at the MP2 level are in amazingly good agreement
' with experiment. However, this is most probably coincidental,
considering the approximations made and the fact that the other
predicted five-membered ring structures have different frequen-
cies for this vibration.

We shall not discuss in detail the Raman spectrum of the
protonated form of the lactic acid because the picture is basically
similar as in the case of lactate. The experiment was performed
for a 40% aqueous solutidfil! so strong solvent effects are
expected.

The largest Raman intensity of the CH stretching vibrations
in lactic acid are exhibited bysy(CHs) andv(C—H) (stretching
of the H4C2 bond). A substantial Raman intensity of the@
stretching vibration (e) is reproduced by our calculations
although its frequency is slightly overestimated even at the MP
level (1777 cm? for | and 1793 cm? for I, whereas the
experiment yields 1725 cm). The experimental spectrum
exhibits also the intense line at 830 thn attributed to the
v(C—COOH) stretching vibration. This is also in agreement with fo
our theoretical predictions (when taking into account the
overestimation of the vibrational frequencies by the SCF
method). What our calculations do not predict is the substantial
Raman |lnten3|ty for the out-of-plane vibration at approximately v+ heir analysis is difficult. The stretching vibrations are
520 cnt. localized and therefore best suited for the purpose of structural
It is not possible to assess which structure occurs in the jnyestigation.
solution on the basis of the Raman spectra because of the solvent The Raman optical activity of the(C=0) stretching mode,
effects and partial polymerization, not accounted for in our ajthough small, may be employed to localize hydrogen bonds.
calculations. Moreover, some of the bands are obscured by waterrhe VROA of this vibration is positive when the carbonyl group
scattering and, as_said above, the Raman spectrum is insensitivgs engaged in the internal hydrogen bond and its value seems
to the conformational changes. The spectra calculated fortg correlate with the strength of the bond, although other factors
structures | and Il are very similar and both seem close to the are also likely to contribute. When the carbonyl group is free,
experimental spectrum, although the equilibrium structures or the hydrogen bond is weak, the VROA is negative.
predicted for the gaseous phase in all probability differ
considerably from those present in aqueous solution. Acknowledgment. We express our gratitude to Kenneth
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