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To gain insight on the absorption intensities, as well as the direction of the transition moment for the OH
stretching vibration in alcohols and acids, we performed detailed analyses for nitric acid, acetic acid, methanol,
tert-butyl alcohol, water, and OH radical. We obtained both the potential energy surface and the dipole moment
function (DMF) by the B3LYP method and performed quantum mechanical vibrational calculation using the
grid variational method based on the local mode model. In this work, we employed the sum rule of the
absorption intensities for the one-dimensional (1-D) vibrational Hamiltonian to construct an effective 1-D
DMF, which is responsible for the total sum of the overtone intensities. The direction of this effective DMF
was found to be tilted away from the OH bond by about 0 the polyatomic molecules. The nonlinearity

of the DMFs in the directions parallel and perpendicular to the OH bond is discussed to rationalize the tilting.
Furthermore, we analyzed the effective 1-D DMFs with the vibrational wave function expansion method and
derived the effective portion of the 1-D DMF that is responsible for the overtone transition moment.

1. Introduction Recently, we have reported the theoretical absorption intensi-
h ties of the OH stretching spectra for several different types of
alcohols and acid®¥ For their high overtone transitions, the
direction of the transition moment was tilted from the OH bond.
Furthermore, this tilt angle changed significantly with the
quantum number of the final state as in the cases of HOD

and formic acid-” Therefore, it was previously considered that
finding an effective 1-D DMF, which is responsible for the
transition moments of all the overtone transitions, was un-
realistic.

In treating the stretching overtone vibration of molecules wit
XH bonds, where X= C, O and so on, the local mode model
has shown great succe's$.Under this model, the vibrational
wave function is described as a product of anharmonic oscillators
using internal coordinates. Recently, the overtone spectra of OH
bonds in polyatomic molecules are being studied with great
interest in atmospheric studies'® The main focuses in these
studies are gaining absolute absorption intensities and their
molecular description. One of the simple ideas used to model . ) .
the dipole moment function (DMF) vector has been the bond N this paper, as a theoretical follow up on the previous

dipole approximation, where an effective one-dimensional (1- Paper;® we report detailed analyses on the direction and
D) DMF is aligned along the vibrating XH borfdh!112In fact characteristics of the transition moments, using the quantum

Mecke’s empirical 1-D DMF? given by chemical calculation results for nitric acid, acetic acid, methanol,
tert-butyl alcohol, water, and OH radical. The sum rule of
Meck _ vibrational transition intensities for the 1-D vibrational S¢hro

wR) = uRexp(-RIRY) (1) dinger equation is employed to gain understanding on the

absorption intensities. Following the analysis on the tilt angles
of the Av = 1 to Av = 6 transition moments, we determine the
effective direction of the DMF vector which will be responsible

for the sum of the overtone intensities. Using the effective
direction 1-D DMF, which recovers about 95% of the total

absorption intensity for thAv = 1 to Ay = 6 transitions, one

has been utilized successfully to understand the observed OH
and CH-1112stretching vibrational spectra. Here, the propor-
tionality constaniuo, the power ofm, and the bond length of
the maximum polaritynR¢ are adjustable parameters.

Since the stretching of the XH bond should have an influence

c.)n.th(.a charge. popqlat[on of neighboring bonds, .there a'€is able to analyze the trends of the absorption intensities for
limitations to using this simple model. For example, Kjaergaard the six molecules

and Henry have reported this aspect on the CH stretching spectra’ | he “Uni i . ” h
of cyclohexané4 Upon the analysis of the absorption intensities _ Similar to the “universal intensity concept” reported for the
CH stretching overtones of hydrocarbon molecifethe OH

of polyatomic molecules, we must consider the DMF vector . . "
with three components; thus, consider the absorption intensityStr_emhlng overtone intensities of t_he two alcoho_ls and the_ two
acids showed small variance despite the large differences in the

as a sum of the three contributions. In addition, it has beenf q y . d the effective 1-D DMFs. T
reported both experimentally and theoretically that the transition fundamental intensity and the effective 1- s. To extract

moments of the OH stretching overtone transitions do not the portion of the effective 1-D DMF that is responsible only

necessary lie along the vibrating OH bond, but they have a finite for the_ overtone transition moment, we perfor_m a theoretical
tilt angle from the OH bond in HOE and formic acidk6.17 analysis based on the wave function expansion méthot
Trischka and Salwen. From this analysis, we give a theoretical

* Corresponding author. E-mail: yabusita@chem keio.ac.jp. Fe&l- interpr(_etatio_n fo_r the similar overtone intensities in the OH
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R calculation using the restricted open-shell orbitals for the B3LYP
é’ _ functional (ROB3LYP) gives accurate results for the bond
L e, dissociation energy of waté? Thereby, the ROB3LYP method
is used for the calculation on the OH radical. We note that the
6 results obtained by the unrestricted B3LYP functional were
— nearly identical to the ROB3LYP results reported in this paper.
eH All of the quantum mechanical vibrational calculations are
O . H done on theMathematicaprogram, using the grid variational
method as described befdf®?8 For the water molecule, we
Figure 1. Schematic diagram of the JFOH", %, and«" axes along  report the results for one OH bond stretching spectra.
with the rotation angle. 2.3. Sum Rule and Overtone Intensity.For the analyses
on the absorption intensities of the 1-D vibrational Sclimger

equation, we employ the following sum réfe
%D: CZ(EU - E0)||3y)o|/:1|1/)ym2 = ) A@)

(
dl 3] V=

( )
hz d2

“om + V(R)]wU(R) =Ey, (R (2) where constant = 8Nazz3/3000002c? = 1.26 x 10'(km/(mol
dR erg D7), andA(v) is the integrated absorption coefficient of eq

. . 3. This equation states that the sum of the absorption intensities
whereR, m, andV(R) are the internuclear distance, the reFiuced of all the transitions is proportional to the ground-state
mass, and the potential energy surface (PES), respectively.

. . . expectatiorvalue of the square of the DMF destives.
We calculate the |_ntegrateq| _absorptlon coefficient (kmtHjol In a simple case of the double harmonic approximation, the
of each OH stretching transition by

PES is given asV(R) = (1/2)mw?AR?, where AR is the

—

€.

2. Theory and Computational Method

2.1. Local Mode Model.In the present calculation we apply
the local mode model to the stretching motion of the OH bond. hzu/ ®
0

Thereby, we solve the Schiimger equation for the 1-D C—
molecular vibration 2m

HR)y,(R) =

2 displacement ana is the angular frequency, and the DMF
A =1n10 [ () dv = A i, |21~,U — vector is given byii(R) = zi(Reg + fi1 x AR, wheregs is the
@) f ® 30000(c/ 0 "0 vector of the first derivativgi; = 4\ + ;€. In this case, it
2.5]Jﬁyo|21700 3) is well-known that the overtone transition has zero intensity.

In eq 7, the right-hand side would contain only the fundamental
wheree() is the molar extinction coefficient, is the transition absorption intensity, that i€ x Aw x |i1)? h/2mw = C(hY
energy in cm! and|zi,o|2 is the square of the transition moment  2m)[z1/? and the left-hand side becom@gi?2m) x [i1]2, where
vector in . The transition moment vector is given by

\ [l = () + (u)® (8)
) _:uz/OeX—i_luyOey +1uv062' (4)
N _ ) As the nonlinearity of the DMF and the anharmonicity of the
whereu, is its a-axis component, given from thacompo- PES are introduced, the equivalent relationship between the
nent DMFu*(R) as follows: expectation value and the fundamental intensity slightly breaks

down; thus, resulting in the absorption intensity for the overtone
wo= f P, (R RY(R IR, a=xy,z (5) transitions. From eq 7, it can be understood that the fundamental
contribution is the dominant one in the total sum as long as the

Therefore, the absorption intensity is given as a sum of the threeanharmonicity and the nonlinearity are of typical magnitude and

components: lzi1] is not negligibly small.
<2 ) S onn 2.4. Effective One-Dimensional Dipole Moment Function.
A(v) = 2.51[(30)" + (o) + (i) 17,0= As mentioned in section 2.1 if the DMF vector is expressed

AXv) + A(v) + Aw) (6) with the OH and OH’ axes asi(R) = y”(R)_é_| + ﬂD(R)ég, the
transition moment vector and the intensities are given as the
The selection of the coordinate system is of course arbitrary. sum of these contributions. As noted in the previous p#per,
In the present case, for the ease of the analysis based on théhe contribution of the OHcomponent of the DMF increases
concept of the bond dipole mod&t112the two orthogonal with the increase in the final state quantum number (Figure 2);
axes are taken as the direction parallel to the OH bond! OH therefore, we see the failure in the simple idea that the overtone
(&), and that perpendicular to it, OH(&y) in the plane transition moments lie along the vibrating OH bond. Nesbitt et
containing the OH bond and another atom, R=%RN, C, H), al15and Herman et &’ have used the angle from the principal
bonded to the oxygen (Figure 1). All of the molecules studied axes of inertia to quantitatively report this tilting in the OH
in the present paper have reflection symmetry in the ROH plane; stretching transition moment for HOD and formic acid, respec-
thus, the DMF in the direction perpendicular to this plane is tively. We use the tilt angle from the OHxis, 6, defined by
zero. In the later portion of this section, we will discuss another

convenient coordinate system. ) Iﬁyjommhpum
2.2. Quantum Chemical and Quantum Mechanical Vi- sing, = 9)
brational Computations. We calculate the PES and the DMF x/'ﬁ.l(/olﬁulwﬁ‘F Bl Iy,
by the hybrid density functional theory method using the
B3LYP2L.22functional with the 6-313+G(3df,3pd$3>-27 basis ol |y, 0
set within the Gaussian98 programvith the same method as cosb, = (10)

before!8.28 Wright et al. have reported that the open-shell \/Ey)0|ﬁ”|1pvlﬂ+ ol |y, B
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Figure 2. Decomposition of the absorption intensiyv) of (a) v = 1, (b) v = 2, (c) v = 3, and (d)v = 4 transitions of nitric acid, acetic acid,
methanol tert-butyl alcohol, water, and OH radical into ti#é (yellow) andA” (blue), andA* (white) and A*" (red) contributions.

28000 (u*9(R)) gives _t_he maximum (minimum) contribution to the
~ overtone transition moments.
- 24000 v=o It should be noted for the transition moment to tlle state,
'g v=5 w*(R) defined usingd, (given in egs 9 and 10) gives the total
20000 contribution, whileu*“(R) gives zero contribution. However,
v=4 as seen later, thig, value varies for eacl. Since the main
16000 v=3 objective is to analyze all the overtone transitions with only
12000 oy one effective component of the DMF vector, we developed the
— following method to optimizef# so that u*(R) gives the
8000 | v=1 maximum contribution to the sum of the overtone transition
moments. Using the sum rule of eq 7, the total absorption
4000 | v=0 intensity for the overtones, namely, the total intensity minus
the fundamental absorption intensity, becomes

-05 -0.25 0 0.25 0.5 0.75
AR(angstrom)

. . . X oo R hZ@ dﬁ 2 D
Figure 3. Vibrational wave functions and the PES for the OH _ = - o
stretching vibration of nitric acid. Z;(E” E0)|E00|/1|1/;UE|]2 om= g Yo

(E; — Eo)l@olitly, 0P (13)

to discuss this feature. As can be seen in the above expression,
the relative phase between the vibrational wave functions is
important. In the present work, whilapois taken with a ~ Our goalis to obtairf that gives an effective DME*(R) which
positive value, the phase of the= 1—6 wave functions is taken ~ minimizes the difference
so that it has a negative value around the inner turning point,

K EL

om= 0

as shown in Figure 3. Qé 2
The DMF vector can be expressed with any pair of orthogonal { ( P D (E, — )‘@, |ﬁ|¢ [.]2} _
unit vectors a@(R) = u*(RJ&, + u*"(R)&., whered, the angle m d 0 1~ Eol[Hholtlys
of tilt from the OH bond (Figure 1), is used to define some h_ZHU dir*)\2
arbitrary unit vectoig,. In this case, from eq 6, the absorption 0 ( dR)
In other words g is determined by maximizing

WOD_ (El - Eo)@om*Wlﬁ} (14)

intensity is expressed with the sum of contributions froTtR)
andu*9(R), where

w*(R) = cosf x u'(R) + sind x u"(R) (11) ,
w (R = —sing x u'(R) + cosh x u"(R)  (12) 2(0) = {%ﬂﬂo

(%%*)2 Yol (B, — Epolit* |w1ﬁ} (15)

In the present paper, to perform deeper investigation on the
overtone intensities, we search for the an@lso thatu*(R) By equating the derivative 0Z(0) to zero, we obtain (see
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Appendix for further details) 1-D DMF u*(R), in the form of

— 6
e w(R= Y CFIR) (20)
2{%@0 R vl & - EO)@OW”WWOWJ} / -

E where F™(R) = y™!(R)/yp¢™/(R). Here, the superscript of
E — Al ﬁ} _ “mol” is attached to specify the molecule for which the
VoL~ (By = E)lpolit 1y vibrational wave functions are calculated. Thés¥'(R) are

(20,
(50,

&)

)

obtained from the interpolation of the grid point values of the
%D' (B, — Eo)@olﬁmlwlﬁ}] (16) wave functionsy™!(R). The least-squares fitting is performed

using the “Fit” function built in theMathematicgporogram. It is
readily understood that the least-squares fitting of eq 20 with
the weight function of {o(R))? yields the expansion coefficient
C, mathematically equivalent to the transition moment. Here,
as an alternate method, we numerically recover the values of
the transition moment without the inclusion of the weight
function in the least-squares fitting method.

2m dR

Using the calculated DMFg'(R) and x”(R), and the theo-
retical vibrational wave functions, we obtain the rotation
angle 6 and the effective DMFu*(R). It should be noted
that this sum of the overtones includes all the transitions to the
bound states over = 2 as well as those to the continuum. In
section 3.1, we will show that the latter contribution is negligibly
small.
2.5. Wave Function Expansion Method.For the analysis
on the observed spectra for diatomic molecules, Trischka and 3.1. Convergence of the Sum RuleWe first observe the
Salwen reported the so-called wave function expansion methodconvergence behavior of the intensity sum with the sum rule,
in obtaining the DMF from the observed vibrational absorption ineq 7. In Table 1, we list the values obtained by summing the
intensities?® Having defined an effective 1-D DME*(R), we right-hand side to a given quantum number. From the compatri-
can apply their method in a reverse manner, namely, for the son with the total sum calculated from the left-hand side, this
determination of the portion responsible for the overtone equation essentially converges at the sixth quantum state,
intensities. First, with the completeness of the wave functions, ensuring the numerical accuracy of the present vibrational
the functionu*(R)yo(R) is expanded as calculation method. In addition, since the absorption intensity
is a positive quantity, the contribution from the transitions to
o either higher bound states or continuum states is not significant
wW(Ry(R = W, la* |y (R 17) at all. In the well-known ThomasReiche-Kuhn f-sum rule
= for electronic transitions, the hydrogen atom has a large
contribution to the transitions to the continuum states, namely
Then, dividing both sides by the ground-state wave function, the photoionization process&sAs easily noticed, the fast

3. Results and Discussions

we obtain convergence in the vibrational problem is attributed to the short-

range potential represented by the Morse-like potential function.

w PR = For the Morse potential, Sage has reported that it is correct to

w (R =S, a*yp,d——= S CF,(R), y(R =0 (18) ignore transitions to the continuum from all the bound states
= Yo(R) = except the highest To our knowledge, this is the first time

that the vibration intensities calculated using the PES and DMF
Therefore, we can understand the transition moment as the OPtained by quantum chemical methods were discussed in
expansion coefficient, Cof the DMF when we take the quotient ~ "elation to the sum rule. .
function F(R) = y.(R)/yo(R) as the basis function in the region 32 The Tilt Angle of the Transition Moment._ _In the
that o(R) = 0. Hence, the portion of the DMF that is Previous paper, we have shown that the peak positions and the

responsible only for the overtone transition moments is given absorption intensities calculated by the B3LYP method and the
by grid variational calculation reproduce experimental trends for

the acids and the alcohdiFurthermore, the transition energies
« “ of the OH stretching vibration in the molecules showed small
HovertondR) = w*(R) — 4| [o[F5 (R) (19) variance, thereby togassess the absorption intensities we analyze
the transition moments of the six molecules. In Table 2, we list
This method is limited to the region wheye(R) is not equal  their transition moment magnitudg,o|, obtained from the root
to zero, and we take the region froRag — 0.3 A to Req + 0.4 squared sum of the contributions from tahd OH directions.
A, since the values of thgg(R) at these two boundaries are  These values were previously used to calculate the absorption
less than 0.3% of the peak value, and it decreases furthermorentensity!® The tilt angles of the transition mome#t, are listed
in the regions outside this range (Figure 3). For the case of thein Table 3, and the negative signs signify that the transition

harmonic oscillator, the quotient functidF{:O(R) is propor- moments are tilted away from the R atom bonded to the oxygen
tional to the Hermite polynomial of degree e.g.FTo(R) is a (Figure 1). The increase in causes the absolute value of the
linear function of AR. Therefore, in a system with weak tilt angle to increase, and the tilt angle for the = 6 transition
anharmonicity, eq 19 signifies the importance of f&eand becomes two or three times greater than the fundamental one.
higher order functions for the overtone intensity, as, for example, This is also seen in Figure 2, where the increase tauses
Kjaergaard and Henry have reportéd. gradual increase in the contribution from the O#irection.

For the analysis using the wave function expansion method, This increase in contribution from the OHlirection will be
we perform the least-squares fit of the 10 single point calcu- analyzed in detail in the following section.
lation results (at every 0.1 A OH bond length within the region Nesbitt et al. have performed detailed analysis on the
from Reg — 0.3 Ato Req+ 0.4 A, and atReq = 0.05 A) of the rotational line structure of HOD molecule, and reported the
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TABLE 1: Convergence of the Intensity Sumy_; A(2') in km mol !

molecule v=1 v=2 v=3 v=4 v=>5 v==~6 totak
O,NOH 85.4213 88.5650 88.7491 88.7655 88.7676 88.7680 88.7681
CH;COOH 44,5208 47.5009 47.6748 47.6884 47.6899 47.6902 47.6903
CH;OH 19.0603 22.2183 22.4144 22.4289 22.4305 22.4307 22.4308
(CH3)sCOH 5.9926 8.2276 8.3774 8.3885 8.3897 8.3899 8.3899
HOH 25.3906 26.7315 26.8059 26.8118 26.8125 26.8126 26.8127
OH 11.7445 12.3911 12.4416 12.4464 12.4470 12.4471 12.4471

2 Intensity sum calculated from the left-hand side of eq 7.

TABLE 2: Transition Moment Magnitude Values |fi,ol = /(#)*+(u5)? in Debye

molecule v=1 v=2 v=3 v=4 v=>5 v==6
O,NOH 9.77E-02 1.34E-02 2.67E-03 6.99E-04 2.27TE-04 8.54E-05
CH3;COOH 7.03E-02 1.30E-02 2.59E-03 6.34E-04 1.97E-04 7.25E-05
CH;OH 4.55E-02 1.32E-02 2.72E-03 6.49E-04 1.95E-04 7.02E-05
(CHs3)sCOH 2.56E-02 1.12E-02 2.39E-03 5.70E-04 1.68E-04 5.95E-05
HOH 5.22E-02 8.59E-03 1.67E-03 4.11E-04 1.31E-04 4.94E-05
OH 3.63E-02 6.08E-03 1.40E-03 3.76E-04 1.20E-04 4.43E-05
TABLE 3: Direction of the Transition Moment, 6,, in TABLE 4: Linear and Second Order Terms of the Dipole
Degrees Moment Function in the OH'" and OH" Directions
molecule v=1 v=2 v=3 v=4 v=5 0v=6 molecules i Uy ula us b
O,NOH —-19.7 —-37.0 —-46.8 —-53.1 -56.9 —-59.5 O,NOH 0.702 —0.004 —0.268 0.182
CH;COOH -—-126 —29.9 -—-37.3 —-435 -—-48.3 -51.7 CHsCOOH 0.539 —0.126 —0.137 0.195
CH;OH —-16.6 —24.7 -—-29.8 —36.4 —427 -—-47.4 CHsOH 0.367 —0.270 —0.118 0.171
(CH3)sCOH —28.8 —30.2 —33.9 —-39.2 —-440 -47.6 (CH3)sCOH 0.203 —0.272 —-0.113 0.172
HOH -20.3 —225 -—-275 -—-339 -38.3 —-41.0 HOH 0.390 —0.097 —0.146 0.060
angles of—19°, —28°, and—38° for the Av = 1, Av = 3, and aThe linear coefficients of the respective direction DMF in D bdhr

b The second-order coefficients of the respective direction DMF in D

Av = 4 transitions, respectivelj. As seen in Table 3, we bohr 2

obtained —20.3 —27.5, and —33.9, respectively, for this

molecule fro_m our galcu_lgtion. This_agreement in tilt angle 014 not cause variations in the tilt angle with the increase in
shows the high applicability of the simple local mode model o v, the second-order polynomial fit is applied to the DMF
for the calculation of the OH stretching spectra. As Nesbitt et (in D) of nitric acid as example

al. have demonstrated using the two- and three-dimensional
calculations, for this molecule, the stretdbend interactions IINA IINA _ 2
are not as important for the tilting of the transition mom#nt. R =u (Req> +0.70AR ~ 0.004AR)" (21)
Herman et al. have also reported tilt angles for formic acid, but ONAR) = 4 TNA — 0.268AR+ 0.182AR)? (22
they reported that it tilts toward the atom bonded to the oxygen, w Ry =1 (Reg — 0. 1820R)° (22)
the opposite to what we .have repgrted |n.the present mOIecu.Ies'whereAR = R — Reqin bohr. The tilt angles obtained by these
They rationalized this tilt angle in relation to the geometric
- second-order DMFs were-19.5, —37.5, —42.9, and—45.7

relaxation of the HOC angle, thereby they reported the _ o . . .
. . . _ for the Av = 1—4 transitions, respectively. Comparison with
importance of stretchbend interaction for the tilting of the ) .

" 5 ; Iy the accurately calculated values in Table 3 shows that this
transition moment? In the present calculation, the transition

. . . second-order fit gives the overall trend of the increasing tilt
moment tilts even though all of the internal coordinates other anales. In Table 4. the linear and second-order coefficients for
than the OH bond length are kept at their equilibrium gees. ’

values the five polyatomic molecules are given, and once again we
3.3. Rationalization of the Tilt Angles.In rationalizing the found that these second-order DMFs reproduce the trend in tilt

increase in tilt angles, it is sensible to compare the DMFs in angle reported in Table 3. For both Oind OH directions,

the OH and OH directions as was done for the HOD molecule the linear and second-order terms have opposite signs. This is

. s g— reasonable for the polar OH bonds, because upon bond
Z%'(g)efobr't:]iﬁﬁf;ﬁf:ﬂ?ﬂgﬁ;}'gl Qﬁﬁr&g’e\giiﬁg flsll‘? 3231 os dissociation the absolute value of the DMF should terminate at

; . . . a finite value rather than increase to infinity. This feature of
offset to zero. Since the consideration of only the linear term o 2
opposite signs causes the overtone transition moments to be
given from the sum of these dominant two terkh&328

204 OH| 04 ! ) ! A
S G DIn Tgble 4, Ie_t us first consider the linear gqefﬂaep\isand
\ 0.2 oL 0.2 OHI| U, Wh|ch.c_iom|nat(_a the fundgmental transition. .WhMU{R)
S Oﬁlz(angggom) ~_ has a positive gradient reflecting thé G-H°" polarity, u“(R)
03 L v 1\ e has a negative gradient at the equilibrium bond length, signifying
T - - . ; 0.15 030 that, as the OH bond is elongated, the electron charge around
0.2 02|  AR(angstrom) the OH bond moves toward the OR bond (Figure 1). If we
compare the absolute values of the linear terms of the two
0.4 -0.4 directions, the acids, having electron withdrawing substituents,
(a) nitric acid (b) methanol have larger values than the alcohols, having electron donating

Figure 4. Variation of the OHM (solid line) and OH (dotted line) ~ Substituents, as expected. As seen in Figure 4, the DMFs of
direction dipole moment functions of (a) nitric acid and (b) methanol. nitric acid have larger variation than those of methanol. This
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TABLE 5: Angle 0 of the Effective Dipole Moment 100%
Function in Degrees o 90%
molecule 6 (deg) T 80% %VJZ!/ /
O.NOH —376 70% 4 A
CHsCOOH ~305 60% [ v N
CH;OH —25.0 son | evEl B2 A= N
(CHs3)sCOH —30.5 400/" /
HOH —22.8 °
on 0o 200 4 -e-v=4 K-v=5 V=6
20%

TABLE 6: Transition Moment Values in Debye Calculated
from the Effective Dipole Moment Function Obtained by

Integration (Int), and the Wave Function Expansion Method

-90 -80 -70 -60 -50 -40 -30 -20 -10 O
tilt angle 6 (degree)

(a) nitric acid

(WF Fit)
molecule method v=1 v=2 v=3 100%
O,NOH Int 9.30E-02 1.34E-02 2.64E-03 o0,
WEF Fit 9.30E-02 1.34E-02 2.58E-03 2 °
CHsCOOH  Int 6.69E-02 1.30E-02 2.57E-03 2 80% 77 g
WEF Fit 6.69E-02 1.30E-02 2.52E-03 70% S
CH,OH Int 450E-02 1.32E-02 2.71E-03 son K
WFFit  450E-02 1.32E-02  2.66E-03 ” ¢ B 7 =1 Bv=2 Avs
(CH3);COH  Int 2.56E-02  1.12E-02  2.38E-03 50% £ /Q/
WF Fit 2.56E-02 1.11E-02 2.33E-03 40%
HOH Int 5.22E-02 8.58E-03 1.66E-03 30% ©-v=4 Kv=5 Xv=6
WFFit  5.22E-02 8.56E-03 1.63E-03 L7
OH Int  3.63E-02 6.08E-03  1.40E-03 20% o680 70 60 50 40 30 20 .10 o
WE Fit 3.63E-02 6.06E-03 1.37E-03 tilt angle 6 (degree)
molecule method v=4 v=>5 v==6 (b) methanol
0,NOH Int 6.74E-04 2.14E-04 7.93E-05 Figl:r?9 5f. Ratiol(o(/ot)1 bett\)/ve()en the2 t(ransitiogl mogn(etp@nﬁlvo; VS tili
WFFit  6.82E-04 2.51E-04 1.51E-04 angled, for v = 1 (rhombus)y = 2 (square)y = 3 (trnangle),v =
CH-COOH Int 6.18E-04 1.87E-04 6.75E-05 (circle), v = 5 (asterisk), and’ = 6 (cross) transitions for (a) nitric
WFFit  6.24E-04 2.18E-04 1.28E-04 acid, and (b) methanol.
CH3;OH Int 6.35E-04 1.86E-04  6.49E-05
(CH):COH \I/V:: Fit gééggj i-égggi é-égggg the contribution from this direction significantly decreases on
3)3 n . . . i = = iti : i
WEFit 568E-04 193E-04 113E-04 going frqm theAv =1 to Ay '2 transitions; thus, causflng'the
HOH Int 4.02E-04 126E-04  4.69E-05 contribution from the OHMdirection to decrease as seen in Figure
WE Fit  4.09E-04 1.50E-04 7.63E-05 2. In fact, the acids show a greater increase in the absolute value
OH Int 3.76E-04 1.20E-04  4.43E-05 of the tilt angle in going from the fundamental to the first
WEF Fit 3.80E-04 1.386-04 7.77E-05 overtone, as seen in Table 3.

3.4. Effective Direction Dipole Moment Function.Using
eq 16 and the calculated DMF, we obtain the arlef the

explains Phillips’ observation that the electron withdrawing effective direction for the six molecules, as listed in Table 5.
substituents have stronger fundamental intensit&ace they Comparing Tables 3 and 5, one will easily notice that this
are approximately proportional tis|* given in eq 8. The  gffective angled is similar to the direction of the transition
direction of the fundamental transition moment vector is oment of the first overtone\y = 2). This is because the total
governed mostly by the ratio betweehandy;; thus, itcanbe  sum of the overtone intensities is dominated by the contribution
seen that the nitric acid and acetic acid will have a smaller tilt from the first overtone. It is of interest to note that this effective
angle thartert-butyl alcohol. direction for the acids and alcohols is tilted from the OH axis
Comparing the second order terms, those for alcohols haveaway from the OR bond by an average of 30
a relatively large absolute value compared to those of the linear  In Table 6, we present the transition moment values calculated
term for both directions, as seen also from the large curvature using only the effective direction DMFs obtained in this section.
for methanol in Figure 4. This is in accord with the electron In the first row, labeled as “Int”, we list the values obtained by
donating nature of the substituents which is expected to the integration using the vibrational wave functions. If the weight
efficiently oppose the electron charge migration due to the linear function of @/o(R))? is used for the least-squares fitting in the
terms. For the acids, the absolute value of the second-order termwave function expansion method, these values will become the
of the OH' direction is much smaller than the linear term, due expansion coefficients. On the second row, labeled as “WF Fit”,
to the electron withdrawing nature of the substituents which we list the values of the expansion coefficients of the wave
cannot oppose the charge migration due to the linear term. Thefunction expansion method obtained without the weight function.
second-order terms in the OHilirection were found to be as  The discussion using these expansion coefficients will be given
large as the corresponding linear terms (Table 4). This is alsoin the following section.
seen from the fairly linear/((R) and much curved™(R) for Comparing Tables 2 and 6 (Int column), it is obvious that
nitric acid, shown in Figure 4. significant contribution of the total transition moment comes
In the overtone transitions for most systems, the contribution from the DMF in the effective direction. While this direction
from the second order terms becomes increasingly importantwas optimized to give significant contribution for the overtone
with the increase of.1418 See Table 8 in ref 18 for example. sum, it gives more than 95% of the contribution even for the
For the acids, since the ratio of the second to the first-order fundamental transition. This feature is seen in Figure 2, where
terms is small for the OtHdirection compared to the alcohols, we compare the contribution of the components toward the
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Figure 6. Variation of the effective direction dipole moment function
w*(R) of nitric acid (NA, rhombus), acetic acid (AA, square), methanol
(ME, triangle),tert-butyl alcohol (TB, circle), water (WAT, asterisk),
and OH radical (OH, cross).

absorption intensityA(v). It can be seen that
Av) = Al(v) + A(v) = A*(v) + A*S(0) = A*(v) (23)

for v = 1 to v = 4, whereA(») in yellow, A7(v) in blue, A*(2)

in white, andA*P(v) in red are absorption intensity contributions
from the transition moment in the respective directions, namely
), €y, &, andé,y (Figure 1). We consider that these results
give physical rationalization to Mecke’s empirical 1-D DMF

Takahashi et al.

of all the six transitions give more than 90% contribution for
the angles in the range betwee35 and—45° for nitric acid
and betweenr-25 and—40° for methanol. Since similar results
were observed for other molecules, one is able to select which-
ever value within this range. The present method utilizes the
sum rule and gives meaning to the effective rotation angle as
the angle that gives a maximum for the overtone intensity sum.
3.5. Analysis on the Effective Direction Dipole Moment
Function Using the Wave Function Expansion Method.In
Figure 6, we plot the effective direction DME(R) of the six
molecules with the equilibrium values offset to zero. Somewhat
surprisingly, while the transition moments for the overtone
transitions were nearly identical (Table 6), the 1-D DMFs are
significantly different for nitric acid, acetic acid, and methanol.
In this section we present a deeper look into these DMFs and
show that this difference in DMFs is not surprising. Kjaergaard
et al. attested the similarity in the overtone transition moment
obtained from a variety of DMFs by fitting the difference
function of the DMFs to an exponential function and by using
the Morse oscillator wave functiod$.Therefore, there have
been other examples that different DMFs give quite similar
values for the overtone transition momefts>

In section 3.3, we analyzed the trend of the direction of the

(eq 1) that has been utilized for the analysis on the experimentaltransition moments using only the second-order polynomial fit

data without proper justification. Although these 1-D functions
have been interpreted as the bond dipole functidrid,14t was
found that this effective 1-D DMF is tilted away from the OH
bond. This trend in tilt angle of the effective 1-D DMF was
also seen for both the CH and SH boréls.

Considering the significant dependence in the tilt angtg,

of the DMFs for simplicity. More precise calculations of the
overtone intensities require at least third-order polynomial fit
of the DMFs!41828\We found that in such calculations, the
dominating term critically depends on the molecule and the final
state quantum number Analysis using a third order polynomial
fit showed that in nitric acid, the linear term accounts for the

it seems surprising that one is able to obtain such an effective majority of the contribution, while the second order term

direction that is responsible for the majority of the absorption
intensities. To gain deeper insight on the tilt angle and the
transition moment values, we plot the ratiodf/|d.ol vs the
angle®, which is the direction o€,. As examples, we plot the
results for nitric acid and methanol in Figure 5. The ratios given
for the values at angle°Care u!'/|i,o| and the ones for-90°

are —u./|ii,0/. It can be seen that the transition moment value
for each transition is insensitive to the precise valu& oin
certain regions ob. In addition, the transition moment values

accounts for the major contribution in methanol. This molecular
dependence made the analysis to be complicating; thus, we
performed another analysis using the wave function expansion
method and directly observed the portion ©f(R) that is
responsible only for the overtone transition.

In Figure 7, we show the expansion functioR¥*(R) =
YN RIWYYAR), v = 1 to v = 4 for the nitric acid (NA)
molecule, in the region fromReq — 0.3 A to Req + 0.4 A. As
mentioned in the previous paper, the OH stretching local mode

6 6

4 4
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-0.30 -0.15 -0.30  -0.15 0.15 0.30
v
0.15 0.30

-2 -2

-4 -4

6 -6

(a) v=1 (b) v=2
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Figure 7.

Wave function quotient functions of nitric acFéC‘A(R) for@uv=1, (b)v =2, (c)v=3, and (d)v = 4.
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Figure 8. Least-squares fit of the dipole moment values of (a) nitric acid, (b) acetic acid, (c) methanelt{i)tyl alcohol, (e) water, and (f)
OH radical using the wave function expansion method. The dots are the single point calculation results and the solid lines are the fitted functions.

wave functions show only a small variance among molectiles. NA qf‘A ME TB WAT OH

Therefore, the expansion functions for all of the other molecules 2005

are nearly identical to those for nitric acid. Comparison of A AR(angstrom)

Figures 3 and 7 shows that the anharmonicity in the PES causes -0.30 -0.15 e 015 ~ 0.30

FY(R) to deform from a linear function. It should be re- / N3,

minded that if the DMF takes a nonlinear shapeFef'(R) oot 005! “‘\\‘*,‘

precisely, all of the overtone intensities are zero even for the ,{/ ’ N

combination of the anharmonic PES and nonlinear DMF. e f‘ 0.10 \\\ R
In Figure 8, we present the 10 single point results along with ? ' A\

the least-squares fit by the expansion functions (eq 20). In Table ‘i W\

6 (WF Fit), we list the expansion coefficients obtained by 4 015 \\ _

performing the least-squares fit following eq 20 for the six 020 \.\

molecules. As can be seen from Table 6, we obtain the values o ) ) )
of the transition moment with high accuracy upute= 5 from Figure ?f Vatr_|at|c:n of ;2)6 (f)vgtrt'one _zo(r’::oAn Ofd;he eftfecnv_z ?ATIG
; . e P moment functions qondR) Of nitric aci , red), acetic aci ,

{he eaaescuares fting of he wave ncton expasion method k). methanol (VE: reenjert iyl alcohol (T8, black) water

. . . L . (WAT, light blue), and OH radical (OH, dark blue).
without the weight function. To our knowledge, this is the first
time that this method is used along with the PES and DMF the small variance in the overtone absorption intensity among
calculated by quantum chemical methods to discuss the XH nitric acid, acetic acid, and methanol. Another point to notice
stretching overtone intensities in polyatomic molecules. is that the decreasing trend in the transition moment of the first

Taking the wave function expansion method as a theoretical overtone, in going from the trio of nitric acid, acetic acid, and
tool for interpretation, we can examine the portion of the methanol taert-butyl alcohol to water to OH radical, is given
effective DMF, i}, enondR), that is responsible for the overtone in the fashion of the widening of the curvature. As seen from
transition moment by subtracting the portion due to the Figure 7, the expansion functién(R) is a function with a sharp
fundamental transition moment (eq 19), as shown in Figure 9. convex curve. Thereby, the widening seen fdf,q.,.dR)
First of all, as seen in the scales on the vertical axjgyond R would certainly result in the decrease in overlap with this
is a very small portion of the actual DMF. Furthermore, looking function; thus, the molecules with a wider curvature result in a
at the similarity of these functions, one will easily understand smaller first overtone transition moment.



4250 J. Phys. Chem. A, Vol. 109, No. 19, 2005

4. Conclusion

Using the PES and DMF calculated from quantum chemical
methods, we have presented insight on the direction of the
transition moments for the OH stretching vibration for nitric
acid, acetic acid, methandkrt-butyl alcohol, water, and OH
radical. We evaluated the sum rule of the 1-D vibrational
Schralinger equation and confirmed that the contribution from

the transition to the continuum state is negligible. We success-

fully projected the contribution of the DMFs from two directions
6§ andéy into the contribution of an effective directi@ using

this sum rule. This gives physical rationalization to Mecke’s
empirical 1-D DMF that has been used to analyze experimental

data. Furthermore, the theoretical calculation has shown that

the direction of this 1-D DMF for the polyatomic molecules is
tilted about 30 from the OH bond, away from the atom bonded
to the oxygen. The tilting in the transition moment was
rationalized from the nonlinearity of the DMF vector. Using

these effective 1-D DMFs, we performed analyses based on the

wave function expansion method, and obtaipég,,.{R) the
portion of the 1-D DMF that is responsible for overtone
intensities. We have shown thaf, ....{R) for nitric acid,
acetic acid, and methanal are similar even thou{R) are
greatly varying functions; thus, provide understanding on the
similar overtone absorption intensities for these molecules.

It was shown that both the Taylor expansion and the wave

function expansion are useful methods for the analysis on the

DMF. It should be reminded that one method provides a clearer
picture than the other, depending on the problem at hand. In
section 3.5, we mentioned that even though the transition
moments have a similar value for different molecules, the
dominating terms in the Taylor expansion of the DMF depend

on the molecule. This is due to the inherently large component 4rr.

of the fundamental transitions contained in the DMFs. With the
polynomial DMFs of the projected,.,n{R), this molecular
dependency can be diminished.
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Appendix

We obtain the effective DMF by finding the maximum of
the following quantity.

200 ={ BT Ly - € - v iv.d]

(A1)
Using the definitionu*(R) = cos6 x u'(R) + sin 6 x u"(R),

we obtain
0 (g“&”)z %[L

— Eg)l| A”W’lﬁ} + sin? 9{

Z(0) = cog (9{%1

wl+

(E,

()

(S Eo)@’ommwflﬁ} +

h2 All d'\D
2 cosf sin 0{ )/dR dR %D’
(B~ Eo)ﬁloom”wlﬂmvomuwlt} =

cos 0 "%} + sinf0{ "% + 2 cosh sinO{ A"} (A2)

Takahashi et al.

where

=[]

and the similar expressions ™2} and{#'a"}. Taking the
derivative, we obtain

Fe-e mor”mﬁ}

dz(0)

Sdo
2(—sin 0) sin {2} + 2 coso cosO{i'i"} =

sin 0({™% — {#'"}) + 2 cos B{A"a"} =0 (A3)

= 2 cosf(—sin O} "%} + 2 sin6 cosO{ i} +

Thereby

2{”'/25}

(A4)
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