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Vibrational Circular Dichroism Spectroscopy
—The origin of VCD activity —
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Abstract

The prediction of vibrational circular dichroism (VCD) spectra had been one
of the most important and difficult problems in investigating the optical
activity of chiral molecules. The theoretical explanation of the optical activity
was successfully achieved by taking the vibrational state belonging to the
electronic excited state into consideration. This implies that the phenomenon of
VCD originates from the mixture of electronic states caused by the nuclear
vibrational motions.

In the last part of this review, we report our results of experiments and
theoretical calculations about (S)-(+)-2-butanol. The predicted spectra
corresponding to OH bending mode of every conformer of this molecule can be
classified into three types according to the relative conformation of OH group.
The semi-empirical model based on the classical concept was developed and
applied to analyze the relation between the VCD spectrum and molecular
structure. As a result, the model was found to be effective to explain the
feature of VCD spectrum of OH bending mode of this molecule.
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1. Introduction

The importance of chiral molecules has been well recognized, and much attention
has been paid in the last few decades, particularly in biological aspects. The optical
activity plays an important role in life. To investigate this property, various methods
are being used. One of them is circular dichroism (CD) spectroscopy, which measures
the difference of absorbance of left and right circularly polarized lights. The CD
spectroscopy in the ultraviolet or visible region, i.e. electronic circular dichroism
(ECD) spectroscopy, is widely used in order to deduce the absolute configuration,
enantiomeric excess and so on, of the chiral molecules. But the ECD spectra are so
simple that they do not give us much information about the molecular structure.
There is also a restriction for the ECD spectroscopy, such that the sample molecule
must have chromophore, so the method cannot be applied to the general chemicals
which have no chromophore.

On the other hand, VCD spectroscopy which measures the circular dichroism in the
infrared region give us a little complicated spectrum compared to the ECD
spectroscopy. And the assignment of many bands of VCD spectrum is difficult, but the
information about molecular properties obtained from the spectrum is very rich.
Theoretically, every vibrational mode of chiral molecule has an optical activity.
However, the signals of VCD spectrum are normally so weak, about four or five orders
of magnitude less than those of vibrational absorption (IR) spectra. Therefore, the
observation of the VCD spectrum has been rather difficult. In addition, a theory to
explain the VCD phenomenon has not been matured, and a practical algorithm to
predict the VCD spectrum has not fully developed until recently. Because of these
reasons, there have not been enough experiences and reports in this field, especially
about the relation between the spectra and molecular structures.

Very recently, however, the easy-to-handle apparatus of Fourier transform
spectrometer has been developed, and is available commercially. Also the a priori
theory of VCD has been established”, and made it possible to predict the spectra. The
VCD spectroscopy is now the most attractive field that we can expect the great
progress. In this review, we summarize some of the heuristic theories of VCD, and
report our model applied to the OH bending mode of (S)-(+)-2-butanol. The
semi-empirical model derived from the dynamic polarization model® could fairly well
explain the characteristic features of VCD spectra of (S)-(+)-2-butanocl. At the same
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time, this model was found to possess some limits, and not necessarily be almighty.
Although the model cannot be applied to every molecule and requires some more
improvement, it might give us some hints to understand the origin of vibrational

circular dichroism.

2. Vibrational Circular Dichroism

Under the Born-Oppenheimer (B-O) approxirﬁation, the wavefunction of the system

can be written as

YRy =¥ (r; )Y (R), (2-1)
where » and R denote the coordinates of electrons and nuclei, respectively. The
electronic wavefunction includes the nuclear coordinates as parameters. Let us assume
that the nuclear wavefunction can be separated into the parts of vibrational motion
and other nuclear motions. Then the nuclear wavefunction can be rewritten as

Yy(R) =¥, (R)Y,(R) . (2-2)
We are now considering only the vibrational motion, and ignore the interaction with
other nuclear motions. Then the wavefunction of the system under consideration can
be rewritten as

Y., R)y=Y,(r;R)¥Y (R). (2-3)
In Eq. (2-3), the vibrational wavefunction ¥ (R) belongs to the electronic state s. For
the sake of simplicity, we will omit the variables » and R, hereafter.

In the previous study®, we showed that the chiral molecules have non-zero value of
the inner product of electric dipole and magnetic dipole transition moments, which
causes the different absorption of left and right circularly polarized light. The factors
which determine the intensity, including its sign, of circular dichroism (CD) spectrum
are dipole strength and rotational strength. They are expressed as

Dy, = (‘Pk'|ﬂ|‘1’k>2 , (2-4)
and

Ry =Im(\l’k|;¢\‘?,(‘><\}’k.|m{\l’k) , (2-5)
respectively.

Now let us assume that the vibrational states included in Egs. (2-4) and (2-5) belong
to the same electronic state. Then the electric and magnetic dipole transition moments
for the transition from vibrational state v to v’ can be written as

oo =¥, u]®,) (2-6)
and
m,, = (‘I"z,.]m“l’v> . (2-7)
First, we will consider the electric dipole moment, which can be expanded as

_ o 1(on) o, 1(Or) i
”’”°+(6Q]0Q+2![6Q2)0Q +3!(GQ31,Q T @9
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The subscript 0 denotes the equilibrium geometry, and Q refers to the normal
coordinates. In the case of harmonic approximation, the second or higher orders in Eq.

(2-8) can be neglected, therefore
op
=g+ — | 0. (2-9
H= K [aQJOQ )
Substituting Eq. (2-9) into Eq. (2-6), we can obtain

(s 2
(o[ 2] 0l

- U] :
=, ('Pv.pyv){agl (v,|0l¥,). (2-10)

The second term of the right hand side of Eq. (2-10) has non-zero values only for the
transitions of v—wv * 1, under the approximation of harmonic wavefunctions and
harmonic electric dipole moment operator. In the case of 0—1 transition,

1 Y[ g
m,o:<\1n|ﬂ]‘¥o)=(5;jz(5g) . (2-11)

where o =%[—E/— . (2-12)

Next, we will consider the magnetic dipole moment of the system consisted of point

charges, which can be expressed as
1 .
m:———Zqu(XAxXA), (2-13)
2¢ 4

where eq, is the charge of the particle A (¢ being the unit charge), and X, is the
positional vector of that particle. Eq. (2-13) is rewritten as

1 .
m, =—Zqu Sy XapX sy » (2-14)
2¢ 4
where a, §, y denotex ory orz, and ., is the alternating tensor.

Magnetic dipole moment has one important property, that is the origin dependency.
If we move the origin of the system along the vector ¥ whose components are all
constants, the new magnetic dipole moment is expressed by )
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m':%{;z;eqf,((XA. —Y)x—aa—t(XA ——Y))
=2Lc;qu((xAxx,,)-(YxxA))

1
:m——z—ng:qu(YxXA)
1 0
=m—-——>» | ¥x—(eq, X
" 2c 4 ( . Gt(eq" ’1))
=m ——(Yx——(Zqu j]
1 ou
=m——| ¥V x—].
%) 21
Then, each component of m’ can be expressed as
. 1 on
ma = ma ——2—C'€ap7 Y/; ('—a-tl'] . (2—16)

. C . 0 .
The time derivative of the electric dipole moment, (%J , can be written as
t

e 2;(;?;} 8 o

By substituting Eqgs. (2-14) and (2-17) into Eq. (2-16), we can get

, 1 . ou, .
emee ot [F3{
ou, \ .
By (ZquXAﬁ Ay [ZZ(aXy j 45)] . (2-18)
4 45

J
Eq. (2-18) means that the magnetic dipole moment is a function of both positions and

velocities of the particles. It also means that the magnetic dipole moment is generated
by the variation of charge distribution, which accompanies the relative movement of
the particles in a molecule, that is the vibrational motion.

The magnetic dipole moment is a function of positions and velocities, therefore it
can be expanded by the normal coordinate Q and its conjugate momentum P. Both
magnetic dipole moment and momentum change their signs by the time reversal
operation, therefore the expansion of the magnetic dipole moment contains only the
odd terms of derivatives with respect to P. On the other hand, the magnetic dipole
moment at X =0 is zero for a molecule in non-degenerate electronic states. Thus, the
expansion of m in Q and P can be written as
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om 1{ 6°m
=—1 P P
" (apl, " Lapag) (PO+0P)
1 1( &m ) Om)
—— P)+— Pt 2-1
) 2!(6P{7‘Q2) (PO*+0°F) (aﬁ] (2-19)
Under the harmonic approximation, the magnetic dipole moment is simply expressed
as
m :[a—’”j P. (2-20)
oP ),

As well as the case of electric dipole moment, the magnetic dipole transition moment

for the vibrational transition of 0—1 can be written as

(S Plv)=(S2) (o lri)

=ih(3ﬂ@‘.] . (2-21)
2) P ),

where o is defined as that of Eq. (2-12).
Combining the results of Egs. (2-11) and (2-21), we can calculate the vibrational
dipole and rotational strengths as

2
2 1 {0 h [ O
Do =(¥|u'¥,) 75(55—) m(agj (2-22)

Ryo =Im{¥,|u]¥,)(¥\|m[¥,)

(&)
e ), *

The hermiticity of g was used to derive Eq. (2-23).

In the practical calculation, we first evaluate %é and Z—;’; in the cartesian

coordinates, then transform them into those in the normal coordinates. The
transformation is accomplished as

B_# (2-24)
og X
om _om L. (2-95)
P ax

where L, is a transformation matrix satisfying the relation of X = L,Q. The tensors

S—; and %;— are called atomic polar tensor (APT) and atomic axial tensor (AAT),
respectively.

Many different approaches are introduced to evaluate APT and AAT. In most of
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these approaches, the electric and magnetic dipole moments are separated into nuclear

and electronic contributions, such as
N el _
H=p +pu -—ZeZAXA—eZXa , (2-26)
A4 a

m:m”+me'=51;ZeZA(XA><XA)—§IZZe(XaxX‘,), (2-27)
A a

where eZ, is the charge of the Ath nucleus. The derivatives of nuclear parts can be
evaluated in a straightforward way, like

N
ou, —e2,5,, (2-28)
ox,,
om" 1
e =—eZ, e, X5, . (2-29)
ox,, 2 ‘TR

As for electronic parts, a careful consideration must be paid, particularly in the case
of AAT. Since the wavefunction of the molecule can be written as Eq. (2-3) under the
B-O approximation, the electronic part of magnetic dipole transition moment for the
vibrational transition from » to ¢’ in the electronic state s can be written as

m, = (PP [ W0) = (W (0 [ 0) W) (2-30)

mel mcl

In a non-degenerate electronic state, the value of the matrix element <‘}‘S|me’!‘¥’§’> is

zero. Therefore, the electronic contribution to the magnetic dipole transition moment
becomes zero, which is obviously impossible to explain the actually observed optical
activity of the molecule in a non-degenerate electronic state. That is, the B-O
approximation breaks for the theory of VCD. Furthermore, the origin dependency of
magnetic dipole moment makes another problem. Since the rotational strength is an
observable intrinsic to the molecule under any physical condition independent of the
choice of the coordinate. Therefore, it should have nothing to do with which origin we
use to calculate the magnetic dipole moment derivatives.

To overcome these problems, many different approaches have been proposed. We

would like to review some of them.

3. Coupled Oscillator Model
One of the simplest approaches avoiding the problems which arise from the B-O
approximation is the coupled oscillator (CO) model. This model is a translation of the

5), 6), 7), and was

procedure developed previously for the electronic circular dichroism
formulated by Holzwarth et al® to adapt to vibrational transitions.
This model is based on the hypothesis that the molecule in question is an optically
active dimer composed of two identical diatomic molecules, A and B. These two
diatomic molecules are considered to have a weak interaction. The total wavefunction

of the monomer A in the vibrational state v are defined as ¥, , and is supposed to be
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in the electronic ground state. We assume that there is no structural overlap between
the two monomeric parts, and therefore the wavefunctions of the two monomers are
well separated from each other. Then the total wavefunction of the dimer in the
vibrational ground state can be written as
JORES A (3-1)

The wavefunctions ¥,;%5, and ¥,,¥;, of the vibrational excited state are degenerate.
The group-theoretically independent wavefunctions can be generated by the
symmetric and antisymmetric combination of the degenerate basis functions, ¥,,;¥z
and W, ¥5. Therefore, the vibrational excited state wavefunctions @ can be

obtained as
N 1
O =—
=

where + and — signs denote symmetric and antisymmetric, respectively.

\PAI\PBO * TAOWB!) ’ (3‘2)

Then the electric dipole transition moment for the transition of 0—1, Hy 18
expressed as
,lllt,o = <®1il,“,4 +”B’q)0>
1
V2

where g, and gy are the electric dipole moments of the monomer A and B.

<(‘F41‘y30 * \PAO\PBI)’.”A +IuB{LPAO\PBO> ) (3-3)

Noting the relations

B =¥ || ¥ o) (3-4)
and

Moo =(¥ 5| #5|¥ o) (3-5)
Eq. (3-3) can be rewritten as

. 1
Hio 2:/"3(:“,11,0 * .”31,0) . (3-6)

In the same way, the magnetic dipole transition moment for the transition of 0—1 is
expressed as '
m;, =<®flmA +m | @)
Ljs eq
= — CD’ - X + (1) (3_7)
oo S

Notice that X,, M,, eq, and p, are the position, mass, charge and momentum of the ath

particle of the monomer 4, respectively, and X,, M,, ¢g, and p, are those of the dbth
particle of the monomer B. Those particles include both nuclei and electrons. Attention
must be paid to the fact that the origins of magnetic dipole moments m, and mg, and
positional vectors X, and X, are located at the center of mass (COM) of the dimer, or

the molecule as a whole.
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Fig.1 Hypothetical dimer composed of two identical diatomic molecules

Let us define the vector R, which directs to the COM of the monomer B, originating
from the COM of the monomer A. Also define the positional vector x, for the ath
particle of the monomer A, whose origin is the COM of the monomer A, and the
positional vector x, (see Fig.1) . Then the equations relating the vectors, X, x and R can

be obtained as follows,

X -x, 1R, (3-8)
2

X, =x, +-§—R : (3-9)

Assigning the above two relations into Eq. (3-3), we obtain the following equation,

e ome 2ot et

- T (xxn) g D (R )
+z qb (xb p, +_Z qb Pb)

1 eq, eq
:mz,+m,,—Z;[zgawxpa)_zb;ﬁz(zem)), 10

a

where m, and m, are the magnetic dipole moments of the monomer A and B,
respectively, but the origins of them are now located to the COM of each monomer.
The vectors x and p of each monomer are parallel since A and B are both diatomic
molecules. Therefore, the outer product of x and p, that defines the m, or m, in Eq.
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(3-10), becomes zero, that is
m,=m,=0. (3-11)
Substituting Egs. (3-10) and (3-11) into Eq. (3-7), we can obtain

iy~ {0t | T ()~ T ) )

1 eq,
__ZE(@f'(Rx;Map ) (szw—pb]
1 HANE/ANER A (3-12)
4\/5c[RX<(D1 : Mapa ;Mbpbkbo))'

We write the frequency for the transition 0—1 as ». Then, using the relation

(‘Pl l p[‘I’0> = —27[iM1/<\I’l] x!‘I’o) s (3-13)
Eq. (3-12) can be written as

m, T [R x <@t | Z eqa (=27iM v, x,) - ;%(—ZHiMbubxb )| (I)O)J

a b

= Z%c [R x <®T’;V‘, (eqaxa)— ;ub (equb)’@0>j . (3-14)

The frequencies of the monomers, A and B, have the same value since the two

monomeric parts are assumed to be identical. Therefore, Eq. (3-14) is rewritten as

m;, =%[Rx<<bf’;eqaxa —;equ,,lq)O))

wiv

212e

_ miv

242¢

The origin-independency of electric dipole moment was used to derive the third row

from the second in Eq. (3-15). By using Eags. (3-4) and (3-5), which define the
expectation value for the dipole moment operator, Eq. (3-15) can be simplified to

(Rx(q),i

H, "/‘hlcpo))

(RX<(\YA1‘PBOi\PAO\PBI)|”A ‘.“B|‘¥A0\PBG>) . (3-15)

+ ziv

my, = 20 (Rx(/‘mo“‘.”mo)) (3-16)

By combining Eas. (3-6) and (3-16), the rotational strength for the transition 0—1 is

expressed as
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) .
=1Im 7(1“40.) i”BOJ)E%(RX(”ALO ¢/4’?“0))}

= %(/‘Al.o x /‘31.0) ) (R x (/‘Al.o FHgio ))
_ ﬂ{ﬂﬂ,o '(R x .“,41,0) ey (R x /‘Au)) }
4\ Ty, '(R X ”BI.O) “ Hpip '(R x :“Bx,o)

= i%R-(m,,o X gy ) - (3-17)

The hermiticity g, = p; o was used to obtain the above equation.

From Eq. (3-17) we can expect to obtain the greater rotational strength when the
angle made by two electric dipole moment vectors, g, and g, becomes closer to 90
degrees, and get maximum value for perpendicular orientation. Eq. (3-17) also explains
that the two VCD bands corresponding to @®,-—»>®; and ®,— ®; transitions have
the equal intensities and opposite signs. The sign of the VCD band depends both on the
symmetry of coupling and the relative geometry of two diatomic monomers.

The CO model is very simple and easy to understand. The derivation completely
avoids the problems associated with the use of the B-O approximation and with the
origin-dependency of magnetic dipole moment. However, it holds several fundamental
difficulties”. The CO model stands on an approximation of weak coupling between two
parts in one molecule, and this is not obviously appropriate to treat normal vibrations
of the molecule. Furthermore, we must divide a molecule into 3N-6 parts to predict the
rotational strengths for all vibrational transitions. At present, there are no tractable
methods to treat this problem. Even if there were such a method, the exact
vibrational-electronic states of all parts must be known. Moreover, the CO model
treats only two parts out of 3N-6 and ignores any interactions between the two parts
in question and the rest parts of the molecule. Therefore, we need additional
information, and then the simplicity of this model turns out to be lost.

However, for all these faults, the CO model expresses very clearly the physical
aspects of VCD phenomenon. In this sense, it should be an attractive approach.

4. Analytical Method Using Perturbed Wavefunctions

The intermixture of the vibrational states belonging to the electronic excited states
is needed to evaluate the electronic contribution to the magnetic dipole transition
moment ¥ 9 This is allowed through the breakdown of the B-O approximation. This
implies that the modulation of the electron cloud caused by the nuclear vibrational
motions stimulates the contribution of the electronic excited states to the ground
state’. This is now one of the most popular methods in calculation of the VCD
properties'®. Furthermore, P. J. Stephens proposed a so-called distributed origin
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gauge, and calculated the origin-independent rotational strength!?.
As we mentioned earlier, the wavefunction of a molecule can be written as
LSRR 58 S (4-1)
Let us express H; as a part of the total Hamiltonian excluded a part of the nuclear

kinetic energy. Then, the total Hamiltonian H can be expanded by kth normal
coordinate O, as

OH
H=H, +§k:(gé:lgk oo
=H,+H +-. (4-2)
Taking the first order term H; as a perturbation, the wavefunction given in Eq. (4-1) is
corrected as
oy, ZZ{Wﬁ\fﬁ. Ii, [wowD )W,
(E?+E))-(E)+E)

(4-3)

Here the vibrational wavefunctions ¥° and ¥ belong to the electronic states s and
#, respectively. The electronic part of the electric dipole transition moment for the
transition from the state sv to sv' can be written, using the above-mentioned
corrected wavefunction, as
By = (P, 12,
= (s [ wow?)
YO H | (P A
+ZZ< nt v ll K 01/>< 50 k! :‘:
n#s v" (Ex +Eu )—(E” +Ev.)
R % SV AL 38 SAIE S S Ve
+zz< n !l I0 on>< no v:‘ol
n#s v (Es +Eu')_(En +Eﬂ.)
(00 |, |0 ) (P H 0w ) (W | )

+ZMZZZ (B0 +ED)- (B + E))((E + ED) - (EQ + EL))

o)

¥I¥)

(4-4)

Let us assume that the vibrational wavefunctions are the same in both the ground and
excited electronic states. The electronic and vibrational wavefunctions of the
expectation value for the electric dipole moment can be separated under the B-O
approximation. And, the first term of the right hand side of Eq. (4-4) turns out to be
zero since we are thinking the vibrational transition, that is v=4v', therefore we
obtain

(e

(Wl w)=0. (4-5)

The second term of Eq. (4-4) is also treated in the same way as above, and the terms

ﬂel

PIPO) = (W

ﬂEI

which are left non-zero in the summation by the vibrational quantum number are
those of 9" =4v'. In the case of the third term, the non-zero terms are for v"=v. As a

result, the second and third terms of Eq. (4-4) can be rewritten as
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ZZ(‘PT?‘P‘LiE‘I. WS\P?)T)(EPS‘I’S ;f;
E°+E°)—(E°+E"
B (WOl | H, | ) (w0 ) (90| ¥0)
=22, (& +2)~(£°+F")
()
2 (B E)- (B +EY)
(WOUL | H, | w2 ) (Wow. |
Zz (B2 +E2)-(E2 + EV)
e (O H ) (| ) (0 0)
'ZZ (B2 +E2)-(ED+EL)
gl e
E°+E°)-(E0+ E°

o)

(4-6)

FI9Y)

(4-7)

The fourth term is much smaller than the second or third terms. This can be easily
understood by noting that the fourth term is a product of matrix elements with
perturbing Hamiltonian, H,, and also that the denominator of the fourth term is
approximately square of those of the second and third terms. Therefore the fourth
term can be ignored. Then Eq. (4-4) can be simplified to
PR L
= (B +E)-(EX+ED)

(w0t | H, | wow ) (¥

ﬂel

w7

+ (4-8)
2T ) (B )
£ E°
The denominator of Eq. (4-8) can be written as (lix)(Ef—Eff), where x=—t——t
EV _E”

Since x<«1, the approximate expression of (lix)_I =1Fx can be applied. Thén, Eq.

(4-8) can again be rewritten as follows.

R L P L e

E!-E} JE)~E]
3 (PO H | W) (W W){“i:—:gjﬁ%ﬁ : (4-9)
When matrix elements are all real in Eq. (4-9), the realtion of <ka:‘ ,u““‘l’ﬁ) = <‘P‘j u \Pf>

0

holds, then the terms which contain E’(’)——E—'o— vanish. Using the relation of Eq. (4-2),

the matrix element (‘I’S‘I’?’Hl ‘PS‘{’?> can be written as
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(Wi,

°‘P°>

‘I’f‘l’?> <‘P2\PO |Z[ aHj
—— (P | Q| TS ) - 4-10
Qk l s>< o Qk| («‘> ( )

:2(?‘: =

Noting the relation <‘Pff‘,‘fQ,(]\PSA>=<‘PS&}Qk b4

3;>’ the two parts of Eq. (4-9) can be

combined to

CHECERICHIES
H =P (25

Making use of the first order perturbation theory, the following relation is obtained,

vy, (4-11)

k

¥, \?°+Z<

nts Es.‘E,?
oH
0 ( 3|a‘Q:Qk|‘I’3>
Lr e
<‘{,0 __aif_\yo
=90+ >0, L0 Ty (4-12)
n#s k * s "E,(,) " i

Differentiating Eq. (4-12) by Q,, we can obtain

o, T §H ')
T — e (4-13)
K n#s

Substituting this equatlon into Eq. (4-11), electronic part of the electric dipole

transition moment can be written as

e o 0

= (P vy 4-14
ALY (4-14)

In the harmonic case, g , can also be written as

o [ Q)Q“I )

el 0 0 6
sl o) o)

= (é’fi] < WO
00, K

Comparing Egs. (4-14) and (4-15), the electronic part of the electric dipole moment

Hiy =2

el _ 0

o, (4-15)

derivative is given as

ou® oY,
5’Q"‘2< 50 —=). | (4-16)

The above equation is expressed by cartesian coordinate as

el
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w o 00,
X 4400, oX.

o9
=25 (¥|u =
Z< > oX
6‘? 30
=2 \110 I Xk
6“1’
=2(90 || —=) . .
SH ) (4-17)
Then, from Egs. (2-28) and (4-17), we can obtain the elements of APT,
ou, _opg . oug
ox, oX, oX,,
oY,
=eZ,5,, +2Re(W] |y (4-18)
=e + e< Ho = X, )

The procedure for evaluating AAT fairly resembles the one for APT. Starting from
the perturbed wavefunction given as Eq. (4-3), we can obtain the electronic part of
magnetic dipole transition moment for the transition from the state sv to sv' as an

R L L (R

+§<\P3‘P:’,|H, 0 ,,><\I'3m‘ Q(“io 5*0)50150'

Since m 1s purely imaginary, the hermiticity of the operator requires the relation of

analogue of Eq. (4-9),

(4-19)

(W0 |m® |®0) = —(wo|m®|w?) . (4-20)
0 _ 0
Therefore, the terms in Eq. (4-19) which do not contain ij‘o 2‘0 vanish. Then we can

obtain the relation analogous to Eq. (4-11) as follows,
oH

el <‘{10 aQ ><T? m "> 0 0 0 0 0\
T e GRS (AP RA)
T o)
2(E5 = E0) 10 1o 190\ (0| 2 o el
—Z Gl 2w QW ) im(Wh = o o m | w0) .

(4-21)
In the case of v'=v+1, we obtain the energy difference as E, —E, =hv,. The matrix
elements involving the operators Q and P satisfy the next relations,
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0
<l¥(v+l)k

O I\PS‘ > = "Z}g<q} v+l),

RI¥:)

= -ﬁ:(‘l’ b, | BT ) - (4-22)

Assigning this relation into Eq. (4-21), we obtain

2ihv i
el — k e
mi, =Y 2Ly,

p (Es - ES) 27y,

_I_'[_ 0 of el
) |‘P><‘¥ m

AR )JIm(‘I’?, g

')

_ 1 _h_ 0 0 0 _?_['_{_ 0 of el _
_;W(E,S—Ef)z ”<‘P Pkl‘PUk>Im<‘P"§aQ}(l‘I’x><\Pslm . (4-23)
Let us take H, in the Eq. (4-12) as -m_B,, that is the perturbation by the external

magnetic field. Notice that B, denotes the component of magnetic field vector B, and
a refers to the cartesian coordinate, x or y or z. Then the derived expression for the
perturbed wavefunction is

v, ‘y°+z< ol

0 0 n

\{12 a"a \}lg
:\PS"? ES—EE’ b
\yg aTa :;1B11 \}Ig
=\P?—§< E?_E’? ’ >\Y?,
" < s0 cl” o> "
=Pi+B,Y L5 (4-24)

pod EO EO
Differentiation of this equation by B, is given by
a\y Z< ‘P°>
From Eqs. (4-13), (4-23) and (4-25), the elements of electronic contributions to the

magnetic dipole transition moment can be summerized as

eI

we . (4-25)

( i 5> \I/O el \PO
RS LI ) 3 e A PR LB L
= ﬁ(‘y“ B|¥, )Im<g—\g:- Z§:> i (4-26)
In the harmonic case, my, , can also be expressed as

o). (4-27)

(A, e
ot =00 (B b o 5 e

By comparing Egs. (4-26) and (4-27), we can get the electronic part of the magnetic

dipole moment derivative as
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el
omy _ k[0 |ov.\ @28
oP, 1z \0Q, |08,
This formula is expressed in cartesian coordinate as
el
Omy P i (2 |OF. (4-29)
oX, = \éxX,, |oB,
Then, from Egs. (2-29) and (4-29), we can obtain the elements of AAT as
om, _ om) . om?
ox,, ox, ox,,
1 h ov_|o¥
=—eZ X,.0, +—Im s sy, 4-30
2ce 4 Sapy FapOp T <aXA;( 6Ba> ( )

The rotational strength for kth normal mode obtained from Eqgs. (4-16) and (4-28) is
depend on which origin we choose because of the origin dependency of B. However, as
we mentioned earlier, the rotational strength should be independent of the molecular
origin since it is an observable independent of the position in space. One of the
solutions is given by the concept of distributed origin gauge'?.

Here we show again the same equation as Eq. (2-26), the nuclear and electronic
contributions to the electric dipole moment,

p:yN+ye'=ZeZAXA—eZXa . (4-31)
4 a

Assume that we move the molecular origin from O to Y. Then the nuclear part of the
new electric dipole moment is written as

(1) =Y ez, (X, -1)=() - Tez,y, . (4-32)

The superscript O and ¥ mean the molecular origins before and after the displacement.
Then, the elements of the nuclear part of APT tensor after the displacement of the
origin, that is the derivative of electric dipole moment by cartesian coordinate, are

N Y N o
One | | O, | (4-33)
ax,, ox,, )’

which are apparently origin-independent.

given by

As for the electronic part of the electric dipole moment, the expectation value in the

electronic state s is expressed as '
(P, |e|Y,)- (4-34)

The expansion of the Hamiltonian H by cartesian coordinate X, is

OH
H:H0+Z(5X~“] XAZ"F"‘
0

Ax Ay

=H,+H +--, (4-35)
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which is analogous to Eq. (4-2). The analogous expression to Eq. (4-13) is
(r] S e)
o, "lox,, 0
s o po 4-36
ax,, Z E’ - E,? ! (4-36)

Using this relation, the electronic wavefunction ¥, is expanded as

Y, =¥+ +
5 e,

po o o
[t
=¥+ %;W\P" XAZ+.‘.. (4-87)

By ignoring the second or higher order terms of Eq. (4-37), the electronic part of the
APT, which is the derivative of Eq. (4-34) by cartesian coordinate, is derived as follows,

ouy __ 0 .
ax,, ",
OH oH
<\P°15XB *) 7,
(P (DY )X, | (T ) X, )
aX B,y n#s B,y n#s
0
=6XA {<\F ﬂ“ \P0>
<\I"0 oH \Px
+ 2 > (s | 0) + (W0 | #2)) X,
B,y nzs
6H oH
<‘1’3 ax, PNl 1Y)

+ZZZZ (E?—E,?)(Ef m) <"P3 /UZI

B,y C,6 n#s m#s

WO Xy, Xey) - (4-38)

The value of the third term in Eq. (4-38) is much smaller than that of the second term,

and the third term can be ignored. Noting the relation <‘I’f ! ‘I’S> :(‘I’ﬁ ! ‘I’g) , the
Eq. (4-38) is rewritten as
<\{1° o o
aﬂel " aXAz ’ g0
= ¥ . (4-39
X, Z A ) )

Let us move the molecular origin from O to Y. Then, the electronic part of the new

electric dipole moment in Eq. (4-31) is
(1) ==eX (XKoo= 1) = (1) + Xe, . (4-40)

Then the matrix element (‘If‘f Y7

"> for the new origin can be written as
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(2 (e) o) = (e () + e | w5)
(9 )« S )
=(e)(us)’|s). (4-41)
It is apparent that is origin-independent. Therefore, the next relation can be
Ax
derived from Eqgs. (4-39) and (4-41),
o) (e ) w12
oxX,, oX,, |

Combining Egs. (4-33) and (4-41), which expresses the origin independence of the
nuclear part and the electronic part of APT, we obtain

Y - o B
ou, | _ ou, A (4-43)
ox,, ex,,
Thus, APT is origin-independent.

In normal coordinate, this can be written as
Y [
(?_&_} - (%} ) (4-44)
an 6QI{

Let us now discuss about the effects of the molecular origin on AAT, and then, on
the rotational strength.
From Egs. (2-29) and (4-29), the nuclear and electronic parts of AAT are written as

6m:' 1
aX = —Z—CQZA eaﬁr XAﬁ§}7 (4'45)
Az
and
el .
Omy i O¥o |OF. ) (4-46)
X, ax,, |oB,

respectively. Substituting Eqs. (4-25) and (4-36) into Eq. (4-46), the electronic part of
AAT can be obtained as

oH
g0 yo .
R on i W me | 9,
L ‘”? E!‘.)m-Eﬁ '>""°“>
oH el
(ot 2 )

02 Yy vy R A
(2] ) v2)

- —-Zih; A(IEO — )z . (4-47)

el
m,
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" The orthonormality of W’ was used to derive the third term from the second term in
Eq. (4-47).
Let us n;love the molecular origin from O to Y. Then, from Eqgs. (2-28), (4-33), and
(4-46), the nuclear contribution to AAT can be expressed as

Y
om)) 1
(555 <o bl

1 1
:EC—EZA €y X g0, — €L, €0y Y35,

2¢c
¥ 1 oy
= — | - Y, —~, _
[ 5)(,,1) 2¢°” ox,, (4-48)

where the first row of right hand side of Eq. (4-48) shows the displacement of origin
from O to Y. Then, the first term of the second row is rewritten to that of the third
row by using Eq. (4-45). The superscript O is explicitly attached to stress the origin
before the displacement. The transformation from the second term of the second row
of Eq. (4-48) to that of the third row was made by using Eq. (2-28). There is no

N
specification of the origin, O or Y, since the value of % is not depend on the origin

of the coordinate as proved in Eq. (4-33).
Next we will consider the electronic part of the magnetic dipole moment of Eq. (2-27),

m®, which can be written as

e 1 ¥
| m = _E;e(xa xX,). (4-49)
The magnetic dipole moment for the displacement of the origin as much as Y is written
as
( el)Y =~._1.. e((xa my)x_al(xa _Y)J
2c
o 1
=( ‘) +§26(YXX‘1)
(") g TR, (0
2me < ‘
where P, is the momentum of the ath electron. Eq. (4-50) is equally written as
e Y el o e
() = () T S gYpPﬂ : (4-51)

Substituting this into Eq. (4-47), we can obtain
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(ot A 1PN 5 e THR )
—<- | =-2ih - -
\aXM] & (22 &)

6irH >< s | Sapr ZY

><‘P°

[ om ’ ieh y < 8X
AR

)

Az
(4-52)
Taking the next relation,
(wi|p, n):—i—:-(Ef—EfK‘Pg X, |, (4-53)
into consideration, Eq. (4-52) can be rewritten as
amel Y
[@J
oH
amel o —"——(EO ES)<TO aX ><\PO ar >
= a_XA—;, Sapy ﬂ; (Ej’ —Ef)
OH
amel ° 1 ( aX ><\Y0 >
“lax,, ) el 52, BB
6H o
B I
= 5}?’ _'c-eaﬂr Yﬂz EO _E° . (4-54)
7 n#s s n

By comparing Eq. (4-54) with Eq. (4-39), we can get

el ¥ el o 6
o | _[ome )Ly O (4-55)
oX,, X, | 2 ox,,
Now we could derive the expressions of two parts of AAT for the origin displacement,

that is, the nuclear part in Eq. (4-48) and the electronic part in Eq. (4-55). Combining
these two equations, the next relation can be obtained,
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Y Y
| om} . oms!
x, ) "lax,
. \O o
om® 1 o, om 1 ou
: =€y Yyt - gy Yy
X, | 2 ox,, oxX, | 2 x,,
o o
om) ome! 1 o o
=t a2 e Y oot
X ,, X ,, 2¢ oX,, 0X,,

o
om 1 ou
= P | _ 2y -
( ] 2 o h ox ,, (4-56)

To investigate the origin dependence of the rotational strength, we must obtain the
formula for derivatives of the magnetic dipole moment by momentum in normal
coordinate space. This will be done by the substitution of the variables in Eq. (4-56) by
the corresponding ones in normal coordinate as

Y .
om, y_zz om, | 0X,,
ok, 7T\, ) oR
[ .
am )1 ou, | %X,
3= R R
i\ ax,, | 2 ox, | on
o . .
N A%_Lzzeﬁ v, Oy, Xy
e\ 3X, | ToR 2e4ar v\, a0,

o
15}
| om, _LEM yﬂ__/fL' (4-57)
oP, 2¢ 7 8Q,

The vector expression of the above equation is

Y o
Om ) _(Om) 1[. | ]| (4-58)
oP, oP,) 2 20,
Thus, using Egs. (4-44) and (4-58), the rotational strength for kth normal mode, that
is Eq. (2-23), is given as

)& @1 +2)
(22 -H2)(~(2)

_ [ﬁ_ﬂ_j .(@1}0 o (4-59)
20, ) (o

For the sake of simplicity, the coefficient, y , 1s omitted. The second term in the

second row in Eq. (4-59) becomes zero according to the rule of scalar triple product.
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Notice that Y is the coordinate after the arbitrary displacement from the original
position @, and O can be set freely at any point. The Eq. (4-59) tells us the values of the

) ) ( Y 0
two rotational strengths which include L—%’—J and [g:—:—j terms are the same

k k
regardless of the different origins. This means that the rotational strength for kth

normal mode does not depend on the molecular origin.

So far we have chosen the same Y for all the nuclei of a molecule. We will choose the
specific origin ¥, for each nucleus A hereafter. Then, through the similar procedure,

the analogous expression to Eq. (4-56) can be given as

3 ‘\0 P Y, 1 2 Y,
Mo | | e | e vl (4-60)
X, X, 2c X,
Let us define [a#") and (am“j as follows,
an A aPk A
ax
(%_] _y o | (1-61)
20, ), 4'ox,, 09,
X
[amaj -y (462
o, ), Fox, ©f

where A=A4,B,C,---, specifying the different atoms, and y is x, y, or z. The superscript
O or Y, is omitted for the derivatives since these formulae can be applied independently
of the choice of the origin.

In the same way as the case of common origin as a whole molecule, the relation
analogous to Eq. (4-44) can be derived for the arbitrary displacement of each atom as

[ Y,
(?f_‘_) {%} , (4-63)
60, ), \90 ),
Substituting Eq. (4-60) into Eq. (4-62), that is assuming the origin of the Eq. (4-62) to
be 0, we can get

follows,
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-2 L Sapy Vs ay, (4-64)
op, ) 2¢ " ¥\ag,),

Then, from Eqgs. (4-63) and (4-64),
on, | [om,
00, ) \ op,
[
%j | [@T_]
2% 25

_ o) (om )", 1 on, o )" .
‘;;{[agkl (aPk j,«+2c[8QJ [" Y””(@QJA, ]} 4o

This is rewritten in vector expression as

o) (om (om)" 1(au)" ")
[anj [6P] ;Z{[an]A [GPJA 2c(6QJA ( ! [an]AJ
- ()" (om)" 1 ‘
"%{ké‘g—kl (&) % Hagk Rt ]}
Let us define the vector Y¥,, as follows,

Y, =Y, -Y,. (4-67)
Then the second term of the right hand side of Eq. (4-66) can be written as

b 2]
T T

__ZZ{ZC ‘ ((anl [aQAl }} 2 MaQJ: (SSAU

(4-68)

Il

Noticing the numerical relation as shown below,
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el {(a] ) ot ()20

(4-69)
we know that the value of the term in the left hand side of Eq. (4-68) is the same as that
of the first term in the third row. Then, the following relation can be obtained,

ZZ 'UaQA):” (6@) ] ZZ Mogj (ZZL j

Substituting this into Eq. (4-67), we can get

(;5) (apj ZZ{(GQ] [2?) *ZLY([%J (665] }

(4-71)
The specific origin ¥, for each atom is arbitrary, and the molecular origin O can be set

(4-70)

freely at anywhere. Therefore, the rotational strength for kth normal mode expressed
as Eq. (4-71) is independent of the molecular origin 0. The specific origin Y, for each
atom is called the distributed origin, and the gauge used in Eq. (4-71) is called the
distributed origin gauge!V

The rotational strengths calculated in this way are independent of the molecular
origin 0. However, we assumed that the accurate wavefunctions were used to evaluate
the physical quantities included in Eq. (4-71). Therefore, the calculated value of
rotational strength given by Eq. (4-71) is independent of the origin only for the exact
wavefunctions and for the approximate wavefunctions expanded in a complete
one-electron basis function because Eq. (4-53) holds only with the accurate

1. 1) Tn practice, only the finite basis sets are available, and the

wavefunctions
calculations are not necessarily gauge independent. One of the solution for this
problem has been proposed by Bak et al.l?. They used the gauge-invariant atomic
orbitals (GIAQO), which were introduced by London to calculate the magnetic
properties'?

The Hamiltonian for one-electron, one-nucleus system in the presence of external

magnetic field can be expressed as
el
|r—R|"

where ¢Z and R are the charge and the position of the nucleus, and r is the position of

H :—;—(—iV+A)2 - (4-72)

the electron. A is the magnetic vector potential, defined as

1
A:—2~(Bx(r~0)), (4-73)
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where B is the external magnetic field, and O is the gauge origin.
Let us define the Hamiltonian of the system in the absence of external magnetic

field as Ho.. Then the Schrodinger equation can be written as

Hox,=Ex,» (4-74)
where y, is the nth atomic orbital. Then the nth GIAO, o, can be obtained by
multiplying y, with a phase factor, v

w, = exp(-—iA,‘f, : r)l" , (4-75)
where

Ay, =%(B><(R—0)) : (4-76)

Bak et al. have done multiconfigurational self-consistent-field calculations using
these GIAOs, and derived the same expression as KEq. (4-57) for the exact
wavefunctions, and then, the gauge-origin independent rotational strengths!®. This
approach has a merit of converging faster with increasing size of the basis set used'?,

and is preferably used for a computational method.

5. Application to VCD Spectrum of OH Bending Mode of (S)-(+)-2-Butanol

The molecular structure of (S)-(+)-2-butanol is shown in Fig.2. This molecule has
four single bonds, and two of these, i.e. C2-C?® and C-O, can give rise to rotational
isomerism. Around each bond may exist three stable conformations, and totally nine
rotational isomers are possible. They are named by using two symbols as shown in
Fig.3. The first large letters denote the dihedral angle between the OH and CH; group
around the C%C? bond. The second small letters show the dihedral angle between H
atom of OH group and C,H; group around the C-O bond. The letter G or g means a
gauche form and T or t means a trans form. The + and ~ signs represent the directions
of the dihedral angle, where the + sign indicates the positive or anti-clockwise

direction.
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Fig.2 Structure of (S)-(+)-2-butanol
The symbol * denotes the chiral center.

H C Hs

Fig.3 Rotational isomers of (S)-(+)-2-butanol

All nine conformers were geometry-optimized at B3LYP/6-31++G** level by using
Gaussian 98! program package. All of them were converged, and from the total
energies obtained the relative population as a free molecule at 300 K was estimated.
This is shown in Tablel. F. Wang et al.!® estimated the relative population of
2-butanol based on Gibbs free energies obtained from the DFT calculation at a level of
B3LYP/6-31G*. Their results are slightly different from ours, but agree fairly well as
a whole. We also calculated the vibrational frequencies and intensities of both IR and
VCD at BaLYP/ 6-31f+G** level, and predicted the spectra.
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Table 1 Relative population of each conformer at 300 K
The population were estimated according to the result of B3LYP/6-31++G** level

calculation.
conformer t(()t}allallri?:er%y relative( g/f))};ulation

G't -233.697904611 25.03
G'g -233.697661925 19.39
G¢ -233.697502998 16.40
Tg -233.697134819 11.13
Tt -233.697000712 9.67
Tg -233.696759868 7.50
G¢g -233.696262279 4.44
Gt -233.696200339 4.16
Gg -233.695624548 2.27

The measurements of IR and VCD spectra of (S)-(+)-2-butanol of neat sample and
CS, solution of various concentrations from 1.0 M to 0.002 M have been done at room
temperature. The IR and VCD spectra were recorded on a Fourier transform VCD
spectrometer, Chiralir, constructed by Bomem-BioTools, with a ZnSe PEM and a BaF,
polarizer. The spectral resolution was set to 4 cm™ and the measurement region was
restricted to 2000-800 cm™ by using an optical filter transmitting below 2000 cm™*. The
spectrum was accumulated on the narrow band MCT detector cooled by liquid N,. The
accumulation time of VCD spectrum was 2 hours, with about 50 scans per minute. The
path length of the liquid cell for VCD spectrum was adjusted from 15 um to 1 mm for
obtaining the proper absorbance of around 0.4 to get a good VCD signal. BaF, was
used for the window material. (S)-(+)-2-butanol and CS, solvent were purchased from
Aldrich Chemical Co., Inc. and were used without further purification. The purity of
(S)-(+)-2-butanol was certified to 99 % and the enantiomeric excess was uncertain.

Also Ar matrix-isolated IR spectrum was measured. The temperature was set to 12
K, and the matrix-to-solute ratio was 2000.

Fig.4(a) shows the IR spectra of (S)-(+)-2-butanol at various concentrations. The
second trace from the bottom is Ar matrix-isolated spectrum. The bottom trace is the
calculated one, which is a combination of all nine conformers based on the relative
populations obtained from the DFT method. The calculated frequencies are scaled by
0.985. As is seen here, the neat spectrum does not agree well with the calculated one.
This is quite natural because the neat spectrum reflects the intermolecular hydrogen
bonding, while the calculated one is constructed based on free molecules. However, in
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dilute solutions, the spectra differ from the neat spectrum and some new peaks appear.
The further diluted spectrum looks more like the calculated one. This is because that
dissolving the sample in the solvent makes molecules more free from the
intermolecular hydrogen bonding. Furthermore, the dilute IR spectra beiow 0.1 M do
not change anymore, and also agree very well with the Ar matrix-isolated one.
Additionally, the appearances of them do not depend on the kinds of solvents. (See
Fig.5.) From these evidences, the molecules in solution below 0.1 M can be assumed to
exist almost completely free from the intermolecular hydrogen bonding. These facts
mean that the calculations we did are reliable, and every observed peak can be assigned

by comparing with the calculated spectrum.

neat

neat o~/
0.5M H i

0.4M
0.3M
0.2M

0.4M
1242
0.01M 1072

0.002M

calculated
Ar matrix (x0.985)
(x2000) ks
(x0.985)

T T T T T T T
1300 1100 900 1300 1100 900

Wavenumber / cm’ Wavenumber / cm’
(@ (®)

Fig.4 (a) IR and (b) VCD spectra of (S)-(+)-2-butanol at various concentrations
CS, was used as a solvent. The bottom traces are calculated spectra. The frequencies
are scaled by 0.985.
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CCl,

Cocls JU\ """""

calculated JJW\J
(x0.985)

T T T T T
1000 900

1300 1200 1100
Wavenumber / cm”
Fig.5 IR spectra of 2-butanol in 0.1 M solution of various solvents
No data were obtained below 950 cm™ in CDCl; solution because of the strong

absorption of the solvent.

Fig.4(b) shows the VCD spectra of (S)-(+)-2-butanol. The top trace is the observed
spectra of neat sample, and the second trace is of 0.1 M CS, solution. The baselines are
corrected by subtracting the averaged spectrum of (R)- and (S)- enantiomers. The
bottom trace is the calculated one. It is a combination of all nine conformers, which
corresponds to the above-mentioned calculated IR spectrum, and the frequencies are
also scaled by 0.985. In 0.1 M VCD spectrum, two peaks at 1242 cm™ and 1072 cm™ have
strong intensities. It is impossible to recognize both bands in neat spectrum.
Comparing with the calculated spectrum, these bands can be assigned to OH bending
mode mixed with some other vibrational modes; the 1242 cm™ band is CH; (and/or CH,
and/or CH) deformation mixed with OH bending, and the 1072 cm band is OH
bending mixed with the skeletal stretching. This phenomenon, that the VCD bands of
OH bending mode appear strongly in dilute solution, is the same as in the cases of
l-amino-2-propanol and some other alcohol molecules, as was found in our previous
studies® . This is noteworthy because it suggests that the OH bending band might
give us some new valuable information.

When people discuss about hydrogen bonding system, they generally talk about OH
stretching mode, not about OH bending mode. The OH bending mode has never been
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considered as a source of useful information'”, and has been ignored in most cases.
This is due to the facts that the IR band of OH bending mode is not very strong in
general, and also the mixing with many other vibrational modes makes the analyses
rather difficult. However, a joint measurement and analysis of VCD and IR spectra
might allow the OH bending band to afford some valuable information, especially
about the molecular structures of hydrogen bonding systems. In other words, since
OH stretching band provides a piece of information along the OH axis direction, while
the OH bending band provides a piece of information along the direction perpendicular
to that axis, they might give us some information about the three-dimensional
structure of hydrogen bonding system.

There is another characteristic feature about the spectra of 2-butanol. Fig.6(a) and
(b) show the calculated IR and VCD spectra of each conformer, respectively. The top
traces are the combination of all nine conformers. The frequencies of spectra here are
not scaled. The mode assignment is complicated for a molecule of this size. However,
we can pick up the bands which have a contribution of OH bending mode judging on
the potential energy distribution. We assigned two bands of the OH bending
characteristic in each spectrum. They are shaded as shown in Fig.6. The higher
frequency bonds correspond to observed 1242 cm™! band, and lower ones correspond to
1072 cm™ band. From these figures, we can classify these OH bending bands into three
types according to the conformation of OH group. As for g~ form, the intensities of IR
bands corresponding to 1242 cm™ band are strong, and VCD bands are negative and
strong. The intensities of IR bands corresponding to 1072 ecm™ band are weak, and
VCD bands are almost inactive. In these conformers with g~ form, the OH bending
mode mainly contributes to 1242 cm™! band. As for g* form, the intensities of IR bands
corresponding to 1242 cm™ band are very weak, and VCD bands are positive and middle.
The intensities of IR bands corresponding to 1072 cm™ band are strong, and VCD
bands are negative and strong. In these conformers with g* form, the OH bending
mode mainly contributes to 1072 cm™ band. As for t form, the intensities of IR bands
corresponding to 1242 cm™ band are middle, and VCD bands are almost inactive. The
intensities of IR bands corresponding to 1072 cm™ band are also middle, and VCD
bands are weak. In these conformers with t form, the OH bending mode contributes to
both 1242 cm™ and 1072 cm? almost equally. The statements so far made are
summarized in Table 2. As is shown in the table, the IR and VCD characteristics do not
depend on the CCCO torsion angle, G or T. In other words, the characteristics of this
molecule is governed only by the relative configuration between the OH group and the
rest part of the molecule, and not affected by the structure of alkyl skeleton.
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Fig.6 Calculated spectra of (S)-(+)-2-butanol : (a) IR (b) VCD
Calculation was carried out at B3LYP/6-31++G** level.

Table 2 Classification of OH bending bands of 2-butanol

~1242em® ~1072cm’
_ | IR | strong IR | weak
& VCD| negative, strong | VCD| almost inactive
.| IR | weak IR | strong
& VCD| positive, middle | VCD| negative, strong
IR | middle IR | middle
¢ VCD| almost inactive |VCD| positive, weak

We have made a semi-empirical model to explain this feature described above. In the
case of 2-butanol, the OH bending mode always splits into two bands. This is because
OH bending mode is coupled with some other vaibrational modes. Here, we have
chosen the dynamic polarization (DP) modelZ)v, which is an extension of the CO model.
In this model, a molecule is divided into some parts, and the electric dipole moment
derivative caused in one part is assumed to induce electric dipole moments in
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surrounding parts. The electric dipole moment derivative and the induced electric
dipole moment derivative are treated as a coupled oscillator. Two parameters are
required in this model, one is the angle and the other is the distance, between the two
electric dipole moment derivatives. We can expect the greater rotational strength
when the angle is closer to 90 degrees and also when the distance is smaller. We have
applied thié model to the case of (S)-(+)-2-butanol.

We divide the molecule into two parts, the OH group and the rest, and assume the
electric dipole moment derivatives localized on these two parts. One is accompanying
the OH bending vibration, and the other is the one induced in the rest part of the
molecule by the OH bending motion. Let us write these electric dipole moment
o
o

derivatives as and % , respectively. According to the DP model, we can obtain

(2]

the stronger VCD signal when and % lie more perpendicularly, and also more

closely. Since % mostly depends on the electric dipole moment induced in C,H;
group, its direction can be assumed to be approximately along the C,H; axis. Fig.7
shows each conformer looked from the direction along the O-H axis. The left column
contains the conformers with g~ form, the middle with g* form, and the right with t
form. The top row contains the conformers with G* skeleton, the middle with G™, and
the bottom with T. As for g™ conformers, the molecules with G* and G~ skeletons have
g—g and % almost perpendicularly to each other. These aspects explain very well
the observed VCD spectra, which have strong OH bending band. Although the
molecules with T skeleton seem to have two electric dipole moment derivatives, —g—'u—l

and %”Q—Z in parallel, they show rather strong VCD bands assignable to OH bending

against the prediction of weak intensity. It is impossible to explain the apparent
contradictory phenomena with respect to the DP model with only two parameters,
angle and distance. More input parameters seem to be required to resolve these
problems. The same discussion can be approved about g* conformers. As for t
o o,

~

o

conformers, the angles between and are not so apart from 90 degrees, and

this predicts strong VCD signal contrary to the rather weak intensity. However, the
distance between the two electric dipole moment derivatives is large in t conformers,
and the effects of the distance might be stronger about this form. Thus, our model
based on the DP model explains the relation between the VCD spectrum and the
molecular structure very well as a whole.
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Fig.7 Electric dipole moment derivatives accompanying OH bending mode

To verify this model, we did the same kind of calculations and measurements about
(S)-(+)-2-pentanol. Fig.8 shows the structure of (S)-(+)-2-pentanol. In the case of this
molecule, we must consider C*-C? torsional angle, and totally 27 rotational isomers
may be possible. We named them as are shown in Fig.9. The first large letters denote
the conformation of C°H, group, and the latter two follow the same rule as the case of
(S)-(+)-2-butanol.

Fig.8 Structure of (S)-(+)-2-pentanol

The symbol * denotes the chiral center.
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Fig.9 Rotational isomers of (S)-(+)-2-pentanol

Fig.10(a) and (b) show the IR and VCD spectra of (S)-(+)-2-pentanol at various
concentrations, respectively. The baselines of VCD spectra are corrected by
subtracting the averaged spectrum of (R)- and (S)- enantiomers. The bottom traces are
the calculated ones composed of all 27 conformers according to the populations
obtained from the DFT calculation at B3LYP/6-31++G** level. The frequencies are
scaled by 0.985. As in the case of 2-butanol, the IR spectra below 0.1 M do not change
anymore, and both IR and VCD spectra of dilute solution agree very well with the
calculated ones, and the calculation can be trusted. Then Fig.11(a) and (b) are the
calculated IR and VCD spectra of nine major conformers, respectively. The frequencies
are not scaled. The bands of large contribution of OH bending mode are shaded. As
seen here, the IR and VCD spectra of g~ and t conformers hold the same characteristic
features as those of (S)-(+)-2-butanol. This fact ensures the model that we have
mentioned above. However, the VCD spectra of g* conformers expresses the different
aspects from those of (S)-(+)-2-butanol. The OH bending VCD bands, especially the
lower frequency ones, of g* conformers of (S)-(+)-2-butanol show very strong
intensities, but the corresponding bands of g* conformers of (S)-(+)-2-pentanol are very
weak or almost inactive. The same feature is possessed by other 18 conformers of
(S)-(+)-2-pentanol. At present, it is impossible to explain this feature by using the
above-mentioned model. Probably it requires more parameters other than angle or
distance. The difference of molecular structure may cause the scheme of the mode
coupling different, resulting in the quite different appearances of IR and VCD bands.
The effects of the distant groups might also not be negligible. We are upgrading our
model in such viewpoints, and discuss the result in future publication.
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Fig.10 (a) IR and (b) VCD spectra of (S)-(+)-2-pentanol at various concentrations
CS, was used as a solvent. The bottom traces are calculated spectra. The frequencies
are scaled by 0.985.
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Fig.11 Calculated spectra of (S)-(+)-2-pentanol : (a) IR (b) VCD
Calculation was carried out at BSLYP/6-31++G** level.
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