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Theoretical expressions for sum-frequency generation (SFG) signals, which can be applied to treat various
SFG experiments, have been derived. We have applied the theoretical results to study the SFG experiments
for the near-electronic resonant, singly resonantWU®/, and doubly resonant RUV cases that are associated

with the measurements reported by Shen’s group. We have taken into account both the electric and magnetic
dipole interactions and the applied laser and detection polarization combinations explicitly. Relationships
between the polarization combinations and the electric-dipelectric-dipole mechanism, the electric-dipele
magnetic-dipole mechanism, the magnetic-dip@tectric-dipole mechanism, and the magnetic-dipole
magnetic-dipole mechanisms are clarified. Based on the theoretical results, near-electronic resonant SFG,
singly resonant IRUV SFG, doubly resonant IR SFG experiments are discussed.

1. Introduction carbon monoxide, etc. to large molecules such as self-assembled
monolayers, polymers, and proteins at various interfcts.
Recently, the applications of nonlinear optical techniques such
as SHG and SFG to probe molecular chirality have attracted

The adsorption of proteins from solution onto solid surfaces
has attracted much attention, because of their scientific impor-
tance a_nd gppllcqtlon§ In many areas. In medical and food considerable attentiol¥719 It is the purpose of this paper to
processing industries, it is usually required to remove adsorbed
proteins, because even a small amount of deposited protein mafhOW how to_ap_ply_ the mqlecular theory of SFG to study the
give rise to the subsequent adsorption of fibrous proteins, |eadmgmolecular chirality in solution.
to adverse bio|ogica| Consequenée%.On the other hand, In SFG studies of molecular Chirality, the pOIarization
controlled immobilization of proteins is crucial in the field of ~combinations of SFG experiments have an important role. In
biotechnology, where well-ordered protein layers may lead to particular, inclusion of higher-order multipolar contributions to
a new generation of reactor beds for catalysis, biosensors, andhe interaction Hamiltonid and the polarizabiliti€d is needed
disease diagnostids® The interaction between proteins and to study how magnetic-dipole and electric-quadrupole interac-
underlying solid substrates generally dictates the adsorptiontions are related to SFG studies of molecular chirality. Recently,
affinity, as well as the structure of adsorbed protein via Fischer et al. noted the importance of the lowest-order correction
denaturation, leading some amino acid residues to adopt ato the electric-dipole approximation (i.e., a magnetic-dipole
preferred orientation. One can use advanced nonlinear opticaltransition moment and an electric-quadrupole transition moment)
spectroscopies, such as sum-frequency generation (SFG), seconder an achiral origin of SFG223 More recently, they have
generation harmonics (SHG), and surface-enhanced Ramarpbserved achiral signals that are above the noise level and
scattering (SERS), which are surface-sensitive and present manyroposed that the origin of these signals are due to either electric-
advantage$® The main drawback of the method is the very dipolar surface nonlinearities or the magnetic-dipolar/electric-
low efficiency of the SHG and SFG processes at the interface. quadrupolar bulk susceptibilitie®.In addition, based on the
However, by tuning the wavelength of the SHG and SFG signal myitipolar hyperpolarizabilities, they have presented a theoretical
on an electror)iq transition.and/or a vibrational transition of the expression of the isotropic components of the total second-order
compounds sitting at the interface, resonance enhancement ofpqyced polarization that includes the contributions from the
the SHG and SFG signal compensates for this problem. magnetization and electric quadrupole moment per unit volume,

For almost two decades, infraredltraviolet (or visible) SFG as well as the magnetic dipolar transition moment and the
vibrational spectroscopy, which was pioneered by Y. R. Shen gjectric quadrupole transition dipole moment.
and his group, has been used to extract information on surface

structures from small molecules such as water, acetonitrile In this paper, we shall study the SFG beyond the dipole

" dipole approximation, e.g., the dipetenagnetic-dipole ap-
roximation and the magnetic-dipetenagnetic-dipole approxi-
T Part of the special issue “Richard Bersohn Memorial Issue”. P . F hi 9 E Il f 9 'pd Ep d
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2-33665250. Fax: 886-2-23655404. E-mail address: atmyh@ccms.ntu.edu.tworder electric polarization. We will provide molecular-theoretical

z/T?gggr?:i;asim?cnauniverSity' expressions of singly electronically resonant SFG, doubly
# University of California. resonant and singly resonant+RV SFG with the description
DLawrence Berkeley National Laboratory. of polarization dependence.
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A molecular theory of the doubly resonant and singly resonant Ay — i P T A
IR—UV SFG of molecules on surfaces has been develéhed. o) = 'fti dr,L'(7)6 (2-33)
For comparison, in this paper, we shall extend this theory to ~2) 2 pt T e a
study this doubly resonant SFG of chiral molecules in solution; o) = (=) j; dle; dz,L'(t)L' ()0, (2-3b)
in the Condon approximation, this nonlinear optical activity is
forbidden in the dipole dipole approximation. The Herzberg etc., and, for example, the linear polarization can be expressed
Teller theory will be used to study the non-Condon effect on as
this SFG; we shall also study the effect of the breakdown of _
the Born-Oppenheimer adiabatic approximation on this non-  PY(t) = Tr(zp\) = ZZexp(—itw{d)ﬁ,kokl(”(t) (2-4)
linear optical activity in solution.
Recently, the electronically singly resonant SFG of -bj1
2-naphthol (BN) in solution has been observed and measuredWhere
by Shen and co-worket4.lt is found that the chiral nonlinearity

of BN is ~2 orders of magnitude larger than the values predicted ak|(l)(t) = %Aoi(kl) ﬂ vt drexpitoy)Vy(r)  (2-5)
from ab initio calculations for small chiral molecules such as '

propylene oxide and monofluoro-oxirat&This type of non- and

linear optical activity is allowed in the dipotedipole ap-

proximation. Within the electric-dipole approximation, the Adi(Kl) = Ady(Kkll) = (5) — (), (2-6)

magnitudes and directions of the electronic transition moments

are the key data that determines the nonlinear optical activity Here, @:) and @i)i represent the equilibrium distributions of

of chiral molecules in solution. We shall perform density k andl states, respectively.

functional theory (DFT) calculations combined with a semiem-  |et us introduce the interaction Hamiltonian, which includes

pirical molecular orbital method such as ZINDO/S to determine both electric-dipole and magnetic-dipole approximations:

the energy structure of the electronically excited states of BN R R .

and the electronic transition dipole moments between numerous V(t) = — u-E(t) — M-B(t) 2-7)

electronically excited states (including the resonance condition)

and the ground state, which will be used to calculate the

nonlinear optical activity. ~ ~ =0 . =0
Note that, to compute the nonlinear optical activity involved V() = — Z°[E” exp(-itw) + E- exp(to)] —

in the singly resonant and doubly resonant-l®/ SFGs, which M-[B° exp(—itw) + B” exp(tw)] (2-8)

are forbidden in the dipotedipole approximation, energy ] ) o o

structures and electronic and magnetic transition moments, asTne relation between the electric and magnetic fields is given,

well as vibronic couplings, must be calculated for numerous Using the Maxwell equatiorly x E = —dB/dt [MKS], by

excited electronic states. The computation of vibronic couplings 1. - Lo o

is complicated; thus, the quantitative analysis of these two SFG B’==(k x E°% ==|E%b=|B%b (2-9)

experiments will not be presented in this paper. ¢ ¢

For simplicity, the pulse-shape effect will be ignored:

wherek andb represent the unit vectors of the wave vector and
the magnetic field, respectively.
For left/right-hand circularly polarized lights, we have

2. Optical Studies on Molecular Chirality—Linear
Circular Dichroism

Although the main focus of this paper is on the SFG studies _ _ _
of molecular chirality, for comparison, we shall first present Er = E0 exp(—itw) + E)g exptw)  (2-10)
the theoretical treatment of linear circular dichroism (G#f 3!

Note that the linear optical rotatory dispersion (ORD) is related where
to CD by the Kronig-Kramers transform. ~
The equation of motion of the density operator of the EE,R

molecular system interacting with the laser fields and the heat = &R (2-11a)
bath is given b$? IE
Elr

BA A A R e A PN _,—ZA* 2-11b

2= —ilop —iC'®p — I (2-1) B R (2-11b)

wherep denotes the density matrix (or operator) of the system, and& denotes the unit polarization vector of the electric field,

I" is the damping operator due to the interaction between the

- S . e, tié
system and heat bath, ahg and L'(t) respectively represent B r= X Y (2-12)
the Liouville operators for the zeroth-order Hamiltonian and V2
the perturbation Hamiltonian for the interaction between the _ _ )
system and radiation field. assuming that the wave vector is parallel to Haxis.
In the interaction pictureh = e)fp(—itlib)ff, withilh =il + In the presence oV, we can calculate the rate of energy
I andL'(t) = exp(tLo)L’ exp(itLp), and eq 2-1 becomes absorption by the system, using the relatfon
_ H D= @\7 D= dE

~ N Lot A _ LR L/IR , L/IR

o(t) =06; — 'fti drL'()o(z) (2-2) Qr= BE)T at — R0 “at
where 6; denotes the value aF at t;. Using the perturbation R (1)(t) . dE, g (2-13)
method, we obtain LR dt
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where
—, - i\~
Huyr=n F (E)M (2-14)

for an isotropic system, we obtain

[AQI= @, - M= —|E°|2|m

Adi(Ik) ]

22

(2-15)

where Rk = Im[zi -I\7I.d represents the so-called rotational
strength. Here, we have assumed that> 0 andw ~ wy, and

an orientational average is performed in eq 2-15.

For molecular systems, we can use the-® adiabatic

approximation] — av, k — by, i.e.,

ybu,ay

8w _
0,2 D
m&(?D 3hC|E| Zzpau 2 2"av,bu
(2-16)

u (wbu,au - w) + Ybuav

where av and bu represent the vibronic manifolds arie,
denotes the Boltzmann distribution, i.Agi(av,bu) = (61)ay,av
= P,,. Notice that

Rau,bu= Im [:ZZ au,bu' M bu,au] =Im [ BIE)auu’iab' ®buE|BE)bu| Mba' ®av|:.]]
(2-17)

wheregiap anle/Iba represent the electronic transition dipole and
magnetic transition dipole moments, respectively. For allowed

electronic transitions, eq 2-17 becomes

Ra\ubu Im[;“avbu Mbuay] Rba|@au|®bu[ﬂ2 (2'18)

whereRya = Im[iiap * Mba] representing the electronic rotational

strength.

That is, in this case, the band shape function of CD is the

same as that of the optical absorption spectra.

3. Optical Studies on Molecular Chirality Using
Sum-Frequency Generation

Hayashi et al.

Let us first treatP;A(t). If we let

V(t) = ;(\7p+ exptwy) + V,_exp(-itw) (3-3)

where

S — T0* | n7 . B0\ — - =0 |, 1.5

Vo, =— (@ Ey +MB));V,. =— (i -Eg+ M -B)
(3-4)

we then obtain, for SFG,

(—i)? .
2 = ?Z Z ZEXthwh)EkAUi(lk')Z Z[ (Vo

. explit(wi + wi + vy + oy

(Vp+)k'l . . +
(@ + 0)i(@ + o + o4+ o)

explit(wi + vy — 0q — @p)] }

Vg e (Vo - :

= PR + P2 (3-5)

Similarly, for PA(t), we obtain, for SFG,

- (—iy?
PO = — ?Z Z Zexp(—itw'k.)ﬁ.kmi(k'k);;
explit(wy + oy + wqt+ wp)]

(\A/q+)k’l(\,\/p+)kl< L, _— ' +
(0 + wp)l(wkk + wjy + o4+ a)p)

explt(wiy + vl — vy — )]

(Vo da(Vp e .

= PRt + P2 (3-6)

For SFG, we can rewrite{(t) as follows:

. . . . (2 (2
From section 2, we can see that the magnetic-dipole contribu- P(1 )(t)SFGZ P(l,)(t)SFGZ

tion has a very important role in CD and ORD studies of chiral

molecules. In the theoretical treatment of SFG, it is essential to P2 ()5re+ P2 (0&ra + P (are + PR ()ard”  (3-7)

calculate the second-order nonlinear polarization and, in general,

the total second-order nonlinear polarization vector consists of wherePz) (0%, p(l’é‘_) (e p(2 (e ansz) HT-2 stand

the electric dipolar contrlbutloﬁ’(z)(t) the magnetization, and

electric quadrupole moment per unit volusie.

SFG?
for the electrlc dlpoleelectrlc dipole contrlbutlon (theee

mechanism), the electric-dipetenagnetic-dipole contribution

In this study, we shall focus on the electric and magnetic (the e-m mechanism), the magnetic-dipelelectric-dipole
dipole contributions to SFG. The second-order nonlinear electric contribution (the m-e mechanism), and the magnetic-dipele

polarization vector generally can be expressed 8%

ﬁ(Z)(t) =Tr{ ﬁ(z)(t)ﬁ} = Z Zexp(_itwlld)ﬁlkakl(z)(t)

2
- (h—lz)ﬁ: drlﬁrl dtzz Z ZexP(_itwl'd)ﬁm o
VT Vi (2 A0 (1K) = Vige (1) Vi (7) Aci (KK}
=P, + P (31)
where, for example,

\_/kk(tl) = explt;wjg)Vik(ty) (3-2)

magnetic-dipole contribution (the A mechanism), respec-
tively. P?(t)see can be treated similarly.

As in the linear CD case, we shall show that, for the SFG
studies of molecular chirality in solution, we need only to
calculate the contributions-ee, e-m, and m-e to PP(t) and
the inclusion of the mm contribution is merely for comparison;
it does not have any significant role in our theoretical treatments
of the SFG studies of molecular chirality in solution. It is known
that the quadrupole contribution is smaller than the magnetic
dipole contributior®”-28thus, to the order of approximation for
contributions em and m-e, we shall not consider its effect
on the SFG studies of molecular chirality in solution. The SFG
expressions for the quadrupole contributions are given in
Appendix A.
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3.1. Electric-Dipole—Electric-Dipole Contribution. Now we
consideP? ()35 with the energy-ordered statBg = hwg <
Ex = hwk = Em < Ex = hwy = E,. In this case, we find

m=nk=g

Z ZGXp[—it(wq + wp)] x

h? fmg &
Aai(gn)ﬁgm(vgf)mn(vg—)ng i

(g g — )y — )
A (@M (Vo) Ve mg n

(@hg = @q = @) (g~ @p)
AOi(ng)ﬁnm(%—)mg(%—)gn "

(= 0 — 0 — )

AOi(mg)ﬁmn(Vg—)ng(vg—)gm

(0pm— Wq— wp)(w’gm o wp)

P (O5re=

(3-8

~

Similarly, for PP (t)3-5, we obtain

m=n=g

PP (e = — - > S expl-it(wg + wp)] x

h® mnRg ¢=p
Aoi(gm)ﬁnm(vg—)gn(vge)—)mg i
(wrn— wq— a)p)(a);ﬂg — a)p)
Agi(gn)ﬁmn(\/\/g—)gm(\,\lg—)ng i
(wpm— wq— a)p)(a);19 — wp)
AO-i(ng)ﬁmg(\A/‘;—)nm(\A/g—)gn 4
(0 — 0q — 0 (W, — @)
Aai(kg)ﬁng(\,\/g—)mn(vg—)gm

((U'gn — g~ a)p)(wz_;m o a)p)

(3-9)

3.2. Electric-Dipole—Magnetic-Dipole Contributions. In a

J. Phys. Chem. A, Vol. 108, No. 39, 2008061

mEn=g

PR ()D& = - > Y explit(wg + wpl x

mng g=p
Aai(gn)ﬁgm(v;—)mn(\,\/,e)—)ng I
(Wpmg— wq =~ w)(@pg — @)
Aai(gm)ﬁgn(v(?—)nm(\,\/g—)mg n
(a);lg — Wq T wp)(a)r'ng - a)p)
Aai(ng)ﬁnm(v;—)mg(\?;—)gn n
(Wmn— Wq— (Up)(a):gn - a)p)
Aoi(mg)ﬁmn(v;—)ng(%—)gm

(0pm— Wq— wp)(w'gm B wp)

(3-11)

Note that P (1)&:J' can be obtained using/y and V.
P? (t)sre can be treated similarly.

In the next several sections, we shall demonstrate the
applications of the theoretical results presented in this section.

4. Investigation of Doubly Resonant Infrared—Ultraviolet
or Infrared —Visible Sum-Frequency Generation of
Chiral Molecules in Solutions

The central problem in SFG is the calculation of the second-
order polarizatioP@(t) with various polarization combinations.
Let &g, represent the unit vector of the polarization=€ S or
P) of the sum-frequency radiation, the observed SFG signal is
proportional to|&s, -55721),72(t)|,27’3&41 ie,

Irmmz(t) = e, 'ﬁfyizyz(t)|2@nv,ori
~ Ztﬂ &, PO} { &, PP (O} Hoy,on

exp(AkgR)) (4-1)

where [3--[dny,ori denotes the average over environmental vari-
ables and over the orientation of the molecules, sndnd,
denote the polarizations of the applied fields. If bulk SFG
measurements are performed in #eX plane (whereX andY
denote the laboratory coordinate system and the top and bottom

L . . . . ic) 18,42
similar fashion, one can compute contributions from electronic Surfaces of the sample are parallel to iaxis):**“The two

and magnetic fields. In this case, we find

m=n=g

PR () m=— > S explit(g + wp)] x
h? img &

Aai(gn)ﬁgm(\?(e;f)mn(v;—)ng i
(@hg = g = @p)(@hg — @)
AUi((ﬁ:]m)/_ign(\?g—)nm(\A/gL)mg 4
((’U’ng W wp)(w;ng - wp)
Aai(ng)ﬁnm(%—)mg(v?—)gn i
(Wmn— Wq ™ wp)(wggn - C()p)
Aai(mg)ﬁmn(\?g—)ng(\?g]—)gm

(Whm = Wq — W)@y, — @p)

(3-10)

and

incident lasers in a noncollinear configuration are focused and
overlapped to a spot at the exit surface of the sartjlie this
case, matching of the wave vector component along the
X-direction exists (and no component exists for Yradirections).
However, for theZ-direction, matching of the wave vector
component cannot be achieved, because of the limied
direction length of the two applied laser fields, whose length
should be short enough to avoid the effect of absorption. In
this case, the major contribution to the SFG signal results from
the molecules in the outermost region of the summaktien
exp(AksRi)*4and we can assume ttﬁ$372’,(t) at different
sites in such outer regions are not correlated with each other
via the environment. This may lead to the factorization

e, P10} {8, *Pi 1 O} Lyori =
[, Py, 10} Qv B85, P, 1 O} Loy or (4-2)
We next assume that, in solution, the molecules are randomly

oriented. In this case, we can ignore the subsctigtsd!l’ in
eq 4-1, so that we obtain
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77771112 ‘:$7n1)]2|gnv orr[g;nlnzgnv ori Z’ eXpGA kS' Ril) (4'3)
where
a .p®@ _ e —m
[37’71'72DE [ﬂeS? P’?l’?z(t)} gnv-ori_ [ﬁ;ﬁzm 7771772|:H_
(8 5,0 (4-4)

and, for examplel;SPe 0= Qés, P,, n (00

4.1. Doubly Resonant Sum- Frequency GenerationWe
shall consider a model for the doubly resonant SFG, in which
we assuméey = hwg < Em = hom < En = Aoy andho; =
hw,, as shown in Figure 1A. In this case, we find expressions
for environmentally and orientationally averag&for the bulk
case as

7;372D= ElEZL(éS?’élﬂl’éZr7z) z z oni (gm) x
g mon
[lign* (tnm X Fimg]

[((Ung - iVng -

and

] exp[—it(w, +
w,)] (4-5)

W, — (Uz)(wmg - iVmg - wl)

EE,

(85,05 L(e37 el,7 ,b%)zzzm (gm) x

Hayashi et al.
(A) (B)
A n y Yy nu
- | + @) wH = Wy W) + @)
'y m T gv'
o1 W) = OIR
A 4 g v g—v

Figure 1. Models for doubly resonant sum-frequency generation
(SFG): (A) a general model and (B) a molecular model for doubly
resonant infraredultraviolet (IR-UV) SFG are shown.

where, for example,

Fig g, = @Oy, 1| POy, 0= By, |7ig Oy, (4-10)

and

M By, Mg Oy, (4-11)

9v'gr

etc. Hereigg and Mgg denote the permanent dipole moment
and magnetic dipole moment of the ground electronic gate

Using the Condon approximation (i.e., for allowed electronic
[( . . : ; expl—it(w, + transition), we find
Opg ~ Vg ™ @1~ Q) @pg = 1Yg — @
wz)] (4'6) /’tgu nu /’tgnIZB |®nu|:| (4'12)

0 0 Wgq

whereE; = |E;| andE; = |E,|, and, for example, ﬁg = Z - @g ’|QI|®g 0 (4-13)
i X i V', Qv aQI o V' v
o &, (&, X &)
S

The other contrrbutronex;,7 pHand s, ™ [J can be obtained ~ aMgg
by proper changes and, thus hereafter the expressions for these Mgy g = — BBQU'|QI|®91/D (4-14)
two terms will not be given. ' ' o

4.2. Doubly Resonant Infrared—Ultraviolet or Infrared —
Visible Sum-Frequency GenerationFor the doubly resonant
IR—UV SFG of molecules, i.efiw1 = Awr andhw, = hwyy,
as shown in Figure 1B, we obtain, in the Bet@ppenheimer
(B—0O) approximation,

[ﬁgleR”UVD: E|REUVL(é37’é|R’7|R’éUV’7uv) Z Z ZAO‘i(gU,gU') x
v v u
- [ﬁgu,nu : (ﬁnu,gy’ X ﬁgu’,gu)]

{(a)nu,gy ~ Whuge —

X
R wUV)(ng',gv - iygv',gu - wIR)]
exp[-it(wg + wyy)] (4-8)

W)

and

ErEov ’
L(egyaear,RabuanV)zZzAai(gU-QU) X
vov u

X
- wUV)(wgz/’,gu - iygv',gz/ - 6UIR)]
exp[-it(wg + wyy)] (4-9)

—m
0=
[ﬁ’ﬁR’?UV

= (wnu,gu -

- [ﬁgu,nu * (Mnu,gu’ X ﬁgu’,gv)]

Whuge — PR

etc. For the system of chiral molecules in soluti@ig, = zing,

so that 7,79,7 C= 0 and if the molecule is not magnetic, then
Mgg = 0, SO thatjiﬁj‘,7 S, 0= 0andiE) 7 = 0. In this case,
we find
a .p@ _ —m
|:$’777|R’YUVDE [{]637 P’7|R’7uv(t)} @nv,ori_ [ﬁﬂanUVD
ErEuy o A .
= L(&s, 8y, Duvy,,) EXPIit (@R + 0yy)] Z
hgn® [M x [—
Aai(gv,gv)
(wnu,gu - iVnu,gu - wIR - CUUV)(C‘)gu o iYQy o wIR)
By, |00, Oy, [Bg,|Q|O,[ (4-15)

which should be compared with the SFG of surface molecules
in the dipole approximation
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_ e
[ﬁ’lm’?uv gu rface™ %m’?uv gu rface
EI R EUV

exp[-it(wr + oyl ZZ Z Aoi(gv,gv') x
mlﬁgv,nu . é'sn)@nu.gu' : éUVr;UV)@gu’.gu : éIR;;lR)@urface

h2

(wnu,gu - iVnu,gu —WRT wUV)(ng',gv - iYQU',gU - wIR)
(4-16)

or in the Condon approximation

EIREUV

— —it(wr+ )
|:$'7’7|R’7uvElurface_ }2 exp T ZZZZ

Ao(gv,gv')

(wnu,gv - iynu,gv —WOR T wUV)(ng',gU - ngu’,gu - wIR)

@Z PN aﬁgg . D
gn eSw)(/‘ng eUV’7uv) aQ [, iR < oce

EBgv|®nunu|®gv'DEBgy’|Ql|®gUD (4'17)

where - [durace indicates the spatial average performed over
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(. 0 0
nuzr]uﬁj”n’u"H;30|1/)nuD

0 0
wnu = wnu + wn’u' t o (4'20)
Enu - En’u’

nu

wherelpgu andwﬁ.u. represent the BO approximation basis set

and
0 0y 0 2 9 PO,
IZlbn’u'|HBO|1/}nuD= —h Z nu n a_Qp‘q)n an
h2
_Z @n’u’ @n’ q)nm®nuﬂ(4'21)
2 p

The second term of the right-hand side of eq 4-21 is smaller
than the first term and usually neglected. Using eq 4-23, we
can obtain

e
e
aQ;

. 0 0
nu¢nu@n’u’|HéO|wnuqo

— _ =0
zugv,nu - /’tgz/,nu + E E :ugv,n'u' +
nu nu -~ Snu
T 0 O 0
=g Aolyd,0
1%y (4-22)
%7 Ey—Epy

the surface. Comparing eq 4-15 with eq 4-17, we can see thatIn this case, we also obtaii;,° = 0 and find that the

the band shapes are the same.

4.3. Non-Condon SchemelNext, we consider the effect of
vibronic coupling on ,hi” O(i.e., beyond the Condon ap-
proximation). In this case,
expanded in terms of vibronic coordinat®s (Appendix B),

(4-18)

aﬁng

- -0

Ung = U + R Q + eee
T 2 i

to obtain

(80, O EREuvL(8s 8k, Buvy,,) EXPEIt (@R +

wyy)] z Z z ; ZAé(gv,gv')

Wge\ [, (g
Al x [—
Qo R oY A
(wnu,gu - iynu,gz/ T ORT wuv)(wgz/,gy - iygu’,gu - wIR)
[@gulQp|®nuDKE)nu|®gu'D_ IZBgy|®nunu|Qp|®gu'|:.\[] (4-19)

HBgy’ | QI | ®gu|:|

We can see that the band-shape function is different from that

given by eq 4-16 or eq 4-17. From the aforementioned
discussion, we can easily see tl@l‘;”w@umeis much larger
than Eﬁzu durtace Comparing eq 4-17 fo@;;uvgurfaceahd eq
4-19 for IR‘;UV@urface we can see thaigy, is involved in the
former, whereasdig/9Qp)oQp is involved in the latter. From
Appendix B, we find Qign/dQp)o = zg’*‘g IICIJb(q,O)|(8I:Ie/8Qp)o|
<1>g(q,0)mggl(ug(0) — Uy(0)) + +-- . That is,[ﬁ;li%v[is 1 order
of magnitude smaller thaliﬂi;li,mv@urfaceby vibronic coupling.
4.4. Breakdown of the Born—Oppenheimer Approxima-
tion. The breakdown of the BO approximation can also be a
mechanism that leads to ,mi”UVDcontribution. The correc-
tion of the B-O approximation can be treated as follows:

U . .
the electronic wave function can be

Y
band-shape function is diffelren'ie from the aforementioned two
cases. The contribution froidgo is usually smaller than that
from the vibronic coupling (Appendix B). Notice that

. 0 0 0
nuznuﬁy)n,u,|H;30|1/)nu[l_>o

E E gu,n'u’ +
nu n'u

- - - -0
HUgynu X Unugr ~ X Unugy

mu
-0 -0
/"gzx,nu X /’tn’u’,gy')

n'u'¢nu|3102,uv| H;gow)gu[l_,o -
~ —(ﬂgd X /"ngo) [@gl"@”'”'[l
Enu— Enu

B0y, 0~ [By,|0,10,|0y,0 (4-23)

~

nu

which is nonzero. Here, the contribution from the tdﬁpﬂ”ud
Hiolyg,Lis neglected for simplicity.

4.5. Band-Shape FunctionLet us first consider the single-
mode case of eq 4-19, i.&) = Q,. Notice that

[QgJQpanuD&nuwgy’D_ BkguWnuD&nulQp'Xguﬂ] = [«/ U% 1
P

%
Etgzﬁl'Xnu[H_ %nglbﬁu% &nu'XguﬁLlD_L}gy'XnuD
p

v+ 2
A/ T%QQUDCQM—Z[H_

For kT < hw, we find that eq 4-24 becomes

v+1
T%Qnuwgu[] (4'24)

%“le'%nu[ﬂz - \/él-_ng'XnuD:Qnu'XgZD_ |Eth|Xnu|:|]2]
P (4-25)

which is not zero, even for the displaced harmonic potential
surface case. For the multimode case @e Q;, we find that

[EBQU| Qpl ®num®nu| ®gv' [~ BBQLJ G)nuDKE')nulQl | G)gy'u] (j 26)
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Figure 2. Molecular model of electronically singly resonant SFG of

1,1-bi-2-naphthol (BN) in the BorrrOppenheimer (B-O) approxima-
tion.

whereas foIQp = Q,

[©,,/Q,0,/®,,0,,0- EBQVI(@nuDEDnuIQpI@gy'[J](f 27)

The detailed discussion of the band-shape function is presente

in Appendix C.

5. SFG in Chiral Liquids near Electronic Resonance
Figure 2 shows a molecular model within the-B adiabatic

approximation for the singly electronic resonant SFG. In this

model, the two laser fieldswi and w,) are applied to the

molecular system anglpq,0= |®¢10g,0 [{nd= |PnIOnL]
[Ynwl= | PrOnwl where| Pyl [P0 and| Py Orepresent the

Hayashi et al.

N [Fign* Gy X Myg)
A&m(wlvaIN) = Z z - = -
n a)z - (Unrg

ﬁgn . (Mnri X ﬁn’g)

(5-5)
W1~ Wpg

Note that, in the Condon approximation, thees e-m, m—e,

and m—m contributions have the same band-shape function,
an(a)l + wz), and thatAefe(wl,a)z,N), A‘*m(wl,wz,N), AM—e
(w1,02,N), and A™"™(w;,w2,N) determine the strengths of
different SFG mechanism&g(w: + w») is the same as the
band-shape function of the ordinary absorption spectra aith

= w1 + w?2.

Equations 5-15-5 show that the SFG contribution from each
mechanism is determined by three factors: (a) laser polarizations
and detection alignment conditions (eq 4-9), (b) the band-shape
function (eq 5-3), and (c) virtual state contributions (eqs 5-4
and 5-5). Among these factors, condition (c) involves only the
electronic transition-dipole moments and/or magnetic transition-
dipole moments of the system, and, thus, this factor is dependent
on its molecular symmetry and molecular properties.

To calculate factor (c), one can use quantum chemistry
methods at various levels. Because BN is quite a large molecule,

a;uch guantum chemistry calculation at a high level cannot be

ractical using our present computational resources. Hence, we
first perform a full geometry optimization of BN with hybrid
DFT at the B3LYP/6-31G* levet® For the electronic and
magnetic transition-dipole moment calculations, one can use
configuration interaction singles (CIS) or semiempirical methods
such as ZINDO/S for the fully optimized geometf{#22344For
the sake of simplicity and saving computational time, we shall
use the ZINDO/S method for this purpose.

The molecular symmetry should have an important role in

electronic ground state, the electronic excited-state resonant toSFG/SHG processes of chiral molecules in a solution. To
the two laser fields, and the electronic off-resonant states, understand how the symmetry affects factor (c), we first
respectively. The corresponding vibrational states are denotedinvestigate BN. Fully optimized structures are found $68N

by, for example|©g,[]which represents a multimode vibrational

wave function.
In the Condon approximation, we fiff

7;;72(t)D= exp[—it(w, + w,)] E1E2L(é37,é1,71,é2,72) X
A&e(wvaUz’N)an(wl +w,) (5-1)

and

. E1E2 A A 0
nlr‘,;z(t)Dz exp[—it(w; + wZ)]TL(eS?,elﬂl,bzﬂz) X
A&m(wlva!N)an(wl + w2) (5_2)
where, for example,

o(gv)
an(w1+wz)zzzw P x
v Tw, T,

nu,gv + iynu,gu
I®,/0,,T (5-3)
N
A&e(wlvaN) = Z{ﬁgn : (ﬁnn‘ X ﬁn’g)} X
n

(5-4)

1 1
Wy = Wyg O~ Oy

and

and R-BN molecules with density functional theory (DFT) at
the B3LYP/6-31G* level using the Gaussian 03 pack&dgehe

fully optimized structures exhibit th&, symmetry. Some
isomers with G symmetry are also found; however, their
energies are higher than those of tBg symmetry and the
transition states are located higher than 1000 cmt room
temperature, these other geometries with lower symmetry can
well be ignored.

Based on the optimized, symmetry structures, we calculate
the electronic transition-dipole moments, the magnetic transition-
dipole moments, and the electronic transition energies between
any two states within the first 100 singlet statesS#N and
R-BN. Before proceeding, we first investigate theeemech-
anism. By defining

D) = ign* (i X Fing) (5-6)
and
Clowam) = [ _1wn’g o fwn’g] (5-7)
eq 5-4 can be rewritten as
N N
A" (w0,N) = ZB(wrwz-n') = nZDe_e(n')C(wl,wz,n')
(5-8)

We computeD®#(n') and C(w1,w»,n') as a function of the
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(A) e-e mechanism (1)
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Figure 3. Computed results for the-e&2 mechanism. Right-hand and left-hand sides of panel A show the calciuétégh’) and C(w1,wo,n’),
respectively. The definitions of these terms are given in the text. These terms are calculated using ZINDO/S for the fully optimized geometries of
R-BN andS-BN. Right-hand and left-hand sides of panel B present the calcuB&téfv,,w,,n") = M (n")C(w1,w2,n") andA® &(w1,w2,N) = 2#:2

B ¢(w1,w2,N'), respectively. For the calculation 8f ¢(w1,w2,N) and BS¢(w1,w2,N), we adopt values diw; = 9400 cmt, Aw, = 21 700 cm™ 4,

andhwng = 29 704 cm1.28 In each panel, the upper and lower plots correspon-BN and SBN, respectivelyMe¢(n’) values are plotted in

atomic units.

electronic excited stat&. For simulation, we adoptw; = 9400 calculatedD®¢(n") and C(w1,w>,n"), respectively. From panel
cm~ L, Aw, =21 700 cm * andhAwng = 29 704 cnt from ref A, one can see that, to obtain a good convergence, the
18. Right- and left-hand sides of panel A in Figure 3 show the calculation should be performed at least umter 75. On the
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TABLE 1: Some of the Calculated Electronic
Transition-Dipole Moments of R-BN2

g=n
Ux iy Uz A (nm)
0.2464 —1.1835 0.0000 332.28
n<n g<n

state,n’ Hx ty Uz Hx Hy Uz A (nm)

1 —0.0693 —0.3847 0.0000 0.0000 0.0000 0.2435 329.29
2 0.0000 0.0000—0.0914 —1.0305 1.3635 0.0000 314.01
3 0.0493 0.2098 0.0000 0.0000 0.0000 0.6061 307.47
4 0.0317 0.0934 0.0000 0.0000 0.0000 0.0819 277.25
5 0.0000 0.0000 0.0191 0.1073 0.1064 0.0000 277.13
6 0.0000 0.0000 0.1546 1.7516 2.5516 0.0000 249.97
7 0.0000 0.0000 0.33271.5437 —0.9000 0.0000 244.59

8 —0.0199 —0.2041 0.0000 0.0000 0.0000 3.1893 244.04
9 —0.5611 —0.0495 0.0000 0.0000 0.0006-1.3100 240.04
10 0.0000 0.0000—0.0844 —1.2192 0.5191 0.0000 237.78
20 0.0000 0.0000 1.0839-0.5555 0.4394 0.0000 210.59
30 0.1651 0.1006 0.0000 0.0000 0.00660.0928 194.01
40 0.0000 0.0000—0.0868 0.0130 0.0797 0.0000 182.73
50 —0.0638 0.0715 0.0000 0.0000 0.0000 0.0587 174.73
60 0.0000 0.0000—-0.1149 0.1416-0.1919 0.0000 169.67
70 0.0000 0.0000 0.0176 0.0375 0.1588 0.0000 163.72
80 —0.1805 —0.0567 0.0000 0.0000 0.0000 0.0058 157.18
90 0.0000 0.0000—0.0308 —0.4355 —0.0139 0.0000 149.72
100 0.0000 0.0000 0.0555-0.0645 —0.1688 0.0000 145.42

aBN denotes 1,1bi-2-naphthol (BN). These matrix elements of the
transition-dipole moments are calculated in the molecular coordinates
shown in Supporting Information and are given in atomic units. Note
thatn represents the first electronic excited state endenotes other
electronic excited states, starting from the second electronic excited
state (' = 1).

other hand, the difference of the energy levéls; — Ey for
n' = 1—99 decreases almost linearly from 10% within< 10
to ~1% atn’ ~ 50 and it becomes almost steadyl®o) for n’
> 50.
The right- and left-hand sides of panel B in Figure 3 describe
the simulation oB(w1,w2,n") and A*%(w1,w,,N), as a function
of the electronic excited state, and that for the summation in eq

5-8, respectively. One can see from the right-hand side of panel Rgiem’m_e(wl,wz,N) =

B thatB(w1,w2,n") converges at' ~ 70. This is due to the slow
convergence oD® ¢(n") and slow decreasing d@(wi,w2,n"),
as mentioned previously. From the left-hand side of panel B,
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Figure 4. Comparison of the-ee, e-m, and m-e, m—m mechanisms.
The ratios of the ee mechanism to the-en and m-e mechanisms
of BN are determined to be-1:0.1, whereas that to the -nm
mechanism is~1:1076,

(85,0, (00 [S;‘,h;z(t)m and/or 7o, (D) + S, (H0may not be
zero for racemic systems if the alignments and polarization
conditions of both the applied laser field and the detection of
SFG signals are appropriately designed. If one considers an
experimental configuratio$;?2234%as mentioned in section 4,

a question as to whethég), ” ()] (5, ' (L) and/or(S;, " (1)

+ 3;1?7_1; (HOis zero or not can be examined by choosing
) = (S P, S or (S S P) polarization conditions for
racemic systems. Quite recently, Fischer et al. have, indeed,
reported nonzero SFG signals from chiral BN in THF and the
intensity of the observed signals are comparable to those
observed from a racemic mixture of BR.They have noted
that not only is the €em and m-e mechanism important, but
the electric-quadrupole contribution also might participate in
the SFG signals with thes(P, § and § S, P) combinations.

We next calculate the ratio of

{A" ™(wy,0,N) + A" (w4,0,,N)}
Aﬁe(wlawzyN)

(5-9)

one can also see that a good convergence is obtained if theand that of

summation is taken up tNl ~ 70.
From the aforementioned results, we find that, to obtain good

converged results, almost 100 excited states should be calculated

and included in the SFG calculations at the ZINDO/S level.
We should note thaD® ¢(n') = zign * (tnn X ting) €xhibits a

slow convergence behavior. This is due to the fact that this
molecule exhibits the twisted conjugated molecular geometry

A" ™(w,,0,,N)/c

" ™w,,w,,N) =
w e ( 12 ) Ae_e(a)l,a)z,N)

(5-10)

as a function of the upper limN of the summation. Figure 4
shows the comparison of the calculated ratios. One can see from

and an oscillatory behavior of transition-dipole moments appears Figure 4 thatR‘;:g‘(wl,wzyN) and Rﬁ:g‘(wl,wz,N) are within a

in thez-direction and the—y plane of the molecular coordinate.
Table 1 lists some of the calculated electronic transition-dipole
moments ofR-BN. Our calculation shows tha&® ®(w1,w,,N)

for SBN andR-BN shows different signs.

We have also studied the-en, m—e, and rr-rmﬁmechgnisms
as well and found that the convergencd @fn * (Mnn x Mpg)}
is slower than that of the-ee mechanismA™ ™(w1,w,,N) also
shows different signs fo8BN andR-BN. Thus, the e-e and
m—m mechanisms provide chiral elements that are different for
different enantiomer® For the e-m and m-e mechanisms,
the transition-dipole moment factors show the same sign for
bothSBN andR-BN. As a result, for these mechanisms, there
is no difference betweersBN and R-BN. In this case,

difference of one order of magnitude, wher&g5."(w1,w2,N)
is 1078,

We also perform calculations for various chiral molecules in
the literature for comparison. For this purpose, we choose
R—C;H30F ! R—(+)-C3HeO,*® R-limonene’® and p-arabi-
nosésd4748and perform full geometry optimization for these
molecules at the DFT/B3LPY/6-31G* level. Based on the fully
optimized structures of these molecules, we calculfe(n’)
using ZINDO/S. Note that the obtained structures are all C
symmetry. One can see from Figures 5A and 3A that the
absolute magnitudes @*¢(n") for these molecules exhibit a
tendency of BN> R—C,H30F > R—(+)-CsHgO > R-limonene
> p-arabinose.
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Figure 5. Comparison of the-ee mechanism for various chiral molecules. Panel A shows a comparison of-thenechanisms of RC,H30F,
R—(+)-C3HeO, R-limonene, and-arabinose, panel B compares ZINDO/S results, and panel C shows CIS results. For panel A, a fully optimized
geometry of the electronic ground state of each molecule is obtained using DFT/B3LYP/6-31G* and the optical properties are calculated for the

fully optimized geometry using ZINDO/S. The results are plotted in atomic units.

We should note that the chiral SFG response of BN has beenbe included in the configuration interactiéh.Quinet and
calculated by Fischer et al., based on CIS with larger basis setsChampang¥ have reported the computational results of chiral
and their CIS results indicate that higher substitutions should response of RC,H30F and R-(+)-C3sHgO based on the time-
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) ) +wy Wy = Wy ) +wy +
, Wpg — W1 — Wy Wpp = W1 — Wy
7 Y m 7 Y gv (6—1)
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Figure 6. Models for singly resonant SFG: (A) a general model and Fign(Mum "B, )(#img *E1y))  Hianfimg “Ex, )(Mgn B3, )
(B) a molecular model for IRUV SFG vibrational spectroscopy. + .
Wpg — W1 — Wy Wy~ W — Wy
(6-2)

dependent HartreeFock method with larger basis sets ndP® Hm-e andP® (®™ ™ can be obtained easily from egs
than those used in this paper. Their results are in close agreey ”182 6-2 by promz

. . . -1 an per changes. By taking the spatial average
ment with the SOS/CIS/6-31#1+G** curves previously re- of molecular orientations, we find

ported?®®

The reasons for the greater electronically resonant SFG e A D@ e
response of BN compared witRlimonene,p-arabinose, and %ﬂ?zD: Eﬂ%, P'llnz(t) 30
other molecules can be attributed to the presence of the twisted men=g

conjugated molecular geometry of BN and to the relatively large = exp[—it(w, + w,)] |51|52|_(é5w,él;7 ,ég,] 2) z
chiral response of BN, which is due to the more-polarizable ! mmg

m-electron system of BN. The twisted conjugated molecular Aadi(gm)
geometry of BN leads to the large triple product of electronic : X {ﬁmg . (ﬁgn X Uom)}
transition-dipole moments involved in SFG. (wmg— W, — |ymg)

1

We also calculat®® ¢(n') = fign * (finn X Jing) USINg ab initio
at CIS with 6-31G*. The result is shown in Figure 5B and C in
atomic units. We obtain a similar behavior bf~¢(n’) as the
ZINDO/S calculation forn' < 25; however, no distinctive
structures are found far > 25. and

Note that the convergence shown in Figures53only . A =@ e
indicates that there are no higher-lying states for a given basis - &g, Py (07 T} =
set that can contribute to the summations. Furthermore, it is
known that the computation of the magnetic-dipole contribution . EE .
will be dependent on the choice of the origin of orbitals, unless exp-it(w, + wZ)]TL(eS?’elm'bZﬂz) x
a complete basis set is used in the computation. To eliminate Y —
gauge dependence, the continuous set of gauge transformations e Aai(gm) Himg " (Mg X #ry) _

1
- (6-3)
Wpp = Wy — Wy Wpg = W3 — Wy

(CSGT) and the gauge including/invariant orbitals (GIAO) are g (g — g — i)’mg) Oy — W1 — W,
implemented in a quantum chemistry calculation packaged 9 - - v

some of the magnetic properties can be calculated using these Hmg (ﬂgn X Moy (6-4)
methods. In the future, we shall perform the computation with Wpg— 01— @,

such methods to test the gauge independence of the magnetic-

dipole contribution. )
Next, we apply the aforementioned results to-IBV SFG

Finally, note that a theoretical analysis of real experi- \;iprational spectroscopy, as shown in Figure 6B. In this case,
mental results such as SFG of BN needs molecular model-\ye optain. in the B-O approximation

ing to reduce its molecular size and make it possible to per-
form higher-level quantum chemistry calculations. Quite re- e .
cently, a quantum coupled-oscillator model for nonlinear optical [ﬁ;m’?uv[': expl=it(wg + wyy)] ErEyy x

activity of chiral molecules composed of two coupled monomers Aoi(gv,gv')
in a twisted geometry has been applied to BN wifha L(&s, 8y Buvy )z 2 . x
symmetry5° " w v v nu wgv',gv —OR T Iygu',gv
1
{Iugv’,gu : (:ugy,nu X f“nu,gu’)} -
. . . gr.nu . WIR T Wyy
6. Singly Resonant Sum-Frequency Vibrational 1
Spectroscopy in Chiral Liquids (6-5)
Dnygy — WIR — Wuy

We shall consider the SFG shown in Figure 6A. Notice that,
in this case, we have and we find
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z@gu,nu X ﬁnu,gu’) = Z@gumgn'@numx IzBnu'ﬁngm—)gv’m
u u

= [©, [l X Tin©y,0= 0
¢} gn ng'—g (6-6)

becaus@ig, x ting = 0 for low-symmetry molecules.

We shall show that, taking into account the breakdown of
the B—O approximation/%. .= 0. Notice that

mV\Fnuﬁy;mWIH Olwnu

0
Yo=Y ¥ (6-7)
nu nu T 4& E,-E,, mw
o M=ol Haolyg 0
Y=ot § ————yl + e (68)
w Egu ~ Enw
and
0 Oy 0
. . mwzn"Jl——"lumwlHBOW}nuI:l(ﬁ0 0 T
Ugpnu X Unugy = = WUgymw X Hnugy
gu,nu nug & E,—E., gv,mw nug
mwigl@mwm OW)gL
-0 -0
Hgynu X /"mw,gy') + - - m‘V\/,nu X
W Enu - Emw
. mrw = H o|’/)gu )
Hnugy + - - gunu X ﬂnumw +-
w' Enu - Em’W’

(6-9)

We can similarly show that the non-Condon effect can also make [ﬁ;lr:nw& exp[—it(wg + oyl

e

17177 T
Nlezxt, if we let

-I—ee

guv,gv' (nu) = (6'10)

ﬁgv,nu X ﬁnu,gu’
then eq 6-5 becomes

ey O EXPIit(@g + wyy)]ELE, x

THRTuv
L(&s, By, %V”UV)EZ %@gmn@w Ox
N
9Q /o ~ @ng
Dgygr ™ OR " Vi g (@09 = (O + 0y)?

(6-11)

Next, we consider®—m[l For diamagnetic molecules, we obtain

m ) ErEuv
(85, = expl-it(®g + wyy)] X
L(@ ) Aoy(gu,gv')
&Ry, Puv - X
eS? jIR Moy 22 T a)gU o wlB._ 'ng',gu
ﬁgu’,gy . (Mgz/,nu ~ /unu,gu') _ (lugz;,nu x M"u’gur) (6-12)
grnu . WIR T Wyy  Wpygy — WIR — Wy,

Applying the Placzek approximation (i.@ug, ~ wngandwg,nu
~ wgn) to eq 6-12 reduces to
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EI R EUV

[ﬁ;&w[’: exp[-it(w,g + oyy)] X

AO—i (gU,gU') IzBgu’ |ﬁgg| ®gv[|

L(é371éIR7]|R'6UV77UV) Z z z

. Doy gv —Vgrg
EB Mpxtd _Grx g) D(e 13)
" Wgn~™ WR — Wyy  Wpg ™ W
If we define
= (Mgn X ﬁng)
ngm(wlewuv) = z —_— =
n[@Pgn — WR — Wyy ~
(dgn x M)
" | (614
Wpg — Wr = Wyy
eq 6-13 becomes
m . EIREUV
[ﬁgmnuvﬁ exp[—it(wg + oy %
L(A A 6 )z AO'i(gyagu')
€58 Ry, Puv - X
MR Nuv - Z a)gz,’gu —WR Wgu’,gu

{ By, lligOq [ O, To;"(@r,0)1O4, 0 (6-15)

ol
or

EI R EUV

X

o Acy(gv,gv)| B, |Q |0, T
L(eSvy'eIRmR'bUV;yUV) Z z Z . X

Dgygo ~ PR~ gy go
- Te—m
[(@) . (3ng (Wr@yy) } (6-16)
9Q Jo 9Q 0
Similarly, we have
ErEuv

S, 5. 0= expl-it(g + oy)] x

o Ao(gv,gv)|®g,|Q |0y, 07
L(esyaban,R’euvnuv)ZZZ ; X

('Ugv',gy —WRT Iygu',gu

Y ~m-e
{(8Mgg . 0Ty (@R yy) 617
3Q /o aQ 0
where
:|:;n e((U|R,a)uv) Z[ (l“gn - /‘ngc)u -
uv
(Hign X fing)
Wpg — Wir — Wyy
=S (G, x i — “ng
Z " #ng) (wng)z —(wg + wuv)z

(6-18)
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which is zero for low-symmetry molecules, and (A) 4

EI R EUV

o O= expl—it(w g + oy,)] X

MMruv c

o A Aai(gzz,gu')l|]|9(,]1,|Q||®gu'|:ﬂz
L(e&‘q’blR’?m'bUVﬂuv)ZZZ w )

gov OR— Iygv',gz/
Y Fm—m
E)Mgg 8ng
’ XX X X X X X X X X X x X
8Ql 0 8(DI 0 T T T
320 330 340

Here, we have wavelengths / nm

oce

SFG intensity (a.u.)
©
oce
oe

(6-19) o]

:f;ng_m(wm:wuv) = ?ng(wm,wuv) (6-20)

7. Discussions B 1.5 5

Now, we are in a position to apply the theoretical results to
the experimentally observed SFG spectra in various cases. For
this purpose, we consider three cases: (i) near-electronic
resonance SFG, (ii) singly resonant+RV SFG, and (iii)
doubly resonant IRUV SFG. We calculate the polarization
combinationd (&s;,81,,,82;,), L(€s;,81;1,02;,), L(€s;,01,,€2,), and
L(&s,,by;,,b2,,) for the aforementioned three SFG cases, and the
results are listed in Tables 2, 3, and 4, respectively.

In the following, we shall show the importance of the . i i
measurements of laser polarizations and SFG band-shape 320 330 340
functions in the SFG studies of molecular chirality in solution wavelengths / nm
(e.g., in the determination of chiral and achiral contributions in
the SFG experiments).

7.1. Near-Electronic Resonant Sum-Frequency Genera- 4 Z
tion. The transmission SFG spectra of BN in tetrahydrofuran
(THF) with (a) SPP and (b) PPS polarization combinations
measured by Shen et ®l.are reproduced in Figure 7. Their
experimental geometrnyd{, 6., and fs) and the definition of
polarizations P-polarization andS-polarization) are also de-
picted in Figure 7. Theoretical treatments of this SFG are given
in Section 5. Equations 5-15-5 show that the effect of laser
polarizations is determined byl (&s,,81,,,82,), whereas
A ¥(w1,w2,N) and A*™(w1,w2,N) (see eqs 5-4 and 5-5)
determine the strength ﬁfqz(t) Cand [ﬁ;gz(t)[] respectively.
Table 2 shows that, for the SPP case, the SFG signal is
proportional to siA#; + 6), whereas, for the PPS case, the
SFG signal is proportional to €if®, + 6s). From their
experimental geometry, one notices that+- 6, = 78° > 34°
+ s, so that the intensity of the SPP case is larger than that of rigyre 7. Near-electronic resonance SFG of BN in tetrahydrofuran
the PPS case. From egs 58-5, one can readily see that the (THF) solution with (A) SPP and (B) PPS polarization combinations
band-shape functions for both cases should be the same as thod¢®) S-BN, (O) R-BN, and (x) racemic mixture). Data points are
shown by Figure 7 and are given Byg(w1 + w2). adopted from ref 18.

7.2. Singly Resonant Infrared-Ultraviolet Sum-Frequency
Generation. The vibrational SFG spectra of limonese in and b in Figure 8. Table 3 shows that the three cases SSP, SPS,
transmission in SPP, PSP (chiral spectra), SSP, SPS, and PPRNd PPP can be due to the contributions from the electric-
(achiral spectra) polarization combinations obtained by Shen dipole-magnetic-dipole SFG and/or the magnetic-dipole
et al46 are shown in Figure 8. Their experimental geometry can €lectric-dipole SFG; thus, their SFG signals will be weaker than
be obtained by exchangingy andf; with w, and6; in Figure those from the electric-dipoteelectric-dipole SFG (SPP and
8, andf; + 0, = 90°. Here, w1 andw; represent infrared and ~ PSP).
visible laser frequencies, respectively. Table 3 shows that the One can see from Figure 8 that the IR spectral profiles of

oe

1.04

0.5+

SFG intensity (a.u.)

X

009 X X X XX X XX X X X x

SFG signal for the SPP case is proportional t&(#in+ 65), the singly resonant IR-vis SFG under different polarization
whereas that for the PSP case is proportional t4&in— 6s). combinations are different. In particular, one can notice that
From their experimental geometry, one can see @hat 6, = there are differences in the relative peak intensities of the

90° > |6, — 64. In this case, the intensity of the SPP case is different vibrational bands. Equations 6-11, 6-16, and 6-17 show
stronger than that of the PPS case. In other words, the intensitieghat the selection rules are, in principle, differertige/9Qi)o
of these two cases will be different but their band-shape = 0 and Tg,¢.(nu) = 0 for e—e, (dig/dQ) = 0 and
functions should be the same; this can be seen from panels a(aTgém(wl,wz)/aQoo = 0 for e=m, and fMyg/8Qi)o = 0 and
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TABLE 2: Laser and Detection Polarization Combinations for the Transmission Sum-Frequency Generation (SFG) Spectra of
the Near-Electronic Resonance SFG of BN in Tetrahydrofuran (THF}

polarization e—e e-m m—e m-m
CombinationﬂnlﬂZ éS] ‘ (éli]l X é2712) é97 ° (élm X b27]2) ésﬂ : (b1771 X éz’?z) és] '(blﬂl X b2772)
PPP 0 sin@, + 69 sin (02 — 69 0
Sss 0 0 0 sind, + 6,)
SPS 0 sinfy + 62) 0 0
PSS 0 sin@, — 09 sin (01 + 05 0
sSSP 0 0 —sin (01 + 02) 0
SPP —sin (01 + 62) 0 0 0
PPS sin Ql + 95) 0 0 —sin (92 - 95)
PSP —sin (B2 — 69 0 0 sin @1+ 62)
a Experimental geometry from ref 18 is used.
(A) (B)
1.04 @ . ° -~
—~ o© 5 S o
5 F s ;i » S
S . o > ° *
> ¢, £ 054 ® o 0.
2 0.5+ ) % ce
o °c e b= s o
-E o 8 ° (5 ¢ o )
(LE g. % ° P g S 2 o
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@ 0.0 WWM 0.01 .X”‘XXXXXXXXWMX 0000 X
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©) D) (E)
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= o e @ *Q = < % ® 00
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Figure 8. Singly resonant IRUV SFG of limonene in solution. Various polarization combinations are shown for (A) SPP, (B) PSP, (C) PPP, (D)
SSP, and (E) SPS®) Slimonene, O) R-limonene, and x) racemic mixture). Data points are adopted from ref 46.

TABLE 3: Laser and Detection Polarization Combinations for the Singly Resonant IR-UV SFG Spectra of Limonese in
Transmissiorf

polarization e—e e-m m—e m-m
combinationynuy. B * (B, X &) &s) * (Bupy x 2 &g, - (byy, X &) &g, - (buy, x bz

PPP 0 sinf; + 69 sin (@2 — 69 0
SSS 0 0 0 —sin (01 + 67)
SPS 0 sin@, + 62) 0 0
PSS 0 sin Qz - 95) sin (91 + 95) 0
SSP 0 0 —sin (01 + 62) 0
SPP sin 01 + 92) 0 0 0
PPS —sin (01 + 69 0 0 sin @2 — 69
PSP sin Qz - 95) 0 0 —sin (01 + 03)

a Experimental geometry from ref 46 is used.

(afg’g’e(wl,wZ)/aQoo #= 0 for m—e). This implies that the in acetone solution and the #RSFG (SSP) spectrum of the
observed difference in the relative peak intensities of the monolayer ofR-BN in water obtained by Shen et@lare shown
different vibrational bands for various polarization combinations in Figure 9, as a function abr. Their experimental geometry
is partially due to the selection rules. (01, 62, andBy) is also depicted in Figure 9. These data points
7.3. Doubly Resonant Infrared-Ultraviolet Sum-Fre- are adopted from the experimental results measurdg\at
guency Generation.The IR-SFG (SPP) spectrum of tfeBN 335 nm, which is near the location of the first absorption peak.
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previous pape?® In Appendix C, the calculation of band-shape
functions of the doubly resonant +RJV SFG induced by the
non-Condon effect is presented.

Three different types of SFGnear-electronic resonant vis-
vis SFG, singly resonant lRUV SFG, and doubly resonant
IR—UV SFG—have been treated in this paper. These SFG
spectra generally can be separated into the band-shape function
and the term that involves electronic matrix elements. For the
near-electronic resonant vis-vis SFG, it is allowed in the electric-
dipole—dipole approximation; thus, the electronic matrix ele-
ments involved in this SFG can be calculated in a straightfor-
ward manner. For the other two SFGs, they are forbidden in
the electric-dipole-dipole approximation; therefore, in addition
to taking into account the magnetic-dipole contribution, it is
necessary to include the calculation of vibronic couplings in
the calculation of original electronic-matrix elements. The
contribution of vibronic coupling to these two SFGs can
originate from the non-Condon effect and the effect of the
breakdown of the B-O approximation. Quantitative discussion
of these two types of SFG will be reported in the future.

Note that the SFG expressions presented in this paper are, in
the exact sense, applicable only for homogeneously broadened
peaks. The existence of inhomogeneities in the liquid or on the
surface can introduce additional broadening. This inhomoge-
neous effect has been treated in our previous p&p&rbrief
discussion is given in Appendix C.

In summary, we have derived theoretical expressions for SFG
signals which can be applied to study various SFG experiments.
As applications, we have discussed, in detail, the SFG treatments
for the near-electronic resonant, singly resonant R/, and
doubly resonant IRUV cases that are associated with the
measurements reported by Shen’s group. In particular, we have
taken into account both the electric- and magnetic-dipole
interactions and the applied laser and detection polarization
combinations explicitly. Based on the molecuténeoretical
expressions for SFG, we have clarified how polarization
combinations are associated with the electric-dip@lectric-
dipole mechanism, the electric-dipelenagnetic-dipole mech-
anism, the magnetic-dipoteelectric-dipole mechanism, and the

magnetic-dipole-magnetic-dipole mechanisms. For the near-
electronic resonant case, our derivation shows that the band-
shape functions of the SFG spectra for the SPP and PPS cases
should be the same. For the singly resonant®/ SFG case,
SSP, SPS, and PPP are due to the contributions from the electric-
Eﬁ;ﬁn Dand [8,°, uace @re given by eqs 4-8 and 4-16, dipole-magnetic-dipole SFG and/or the magnetic-dipole
which contain the information of the polarization dependence electric-dipole SFG. Therefore, their SFG signals should be
and the band-shape functions. Table 4 shows that the laser angyveaker than those from the electric-dipekectric-dipole SFG
detection polarization combinations are related to the solution (SPP and PSP). In addition, our theoretical results imply that
experimental geometry. The SFG intensity difference in solution the selection rules of SSP, SPS, and PPP polarizations are, in
and on surface is due to the fact that the former is zero in the princip|e, different. For the doub|y resonant IR SFG case, the
electric-dipole-electric-dipole approximation (eq 4-8) within  SFG intensity difference in solution and on the surface is due
the Condon approximation), and the effect of either the non- to the fact that the former is zero in the electric-dipedectric-
Condon effect (eq 4-19) or the breakdown of the-® dipole approximation. A nonzero contribution under these
approximation (eq 4-23) must be included to make the SFG polarization conditions indicates that the effect of either the non-
nonzero. Note that$,° [can also become aIIowed by  Condon effect or the breakdown of the-B approximation
including the magnetic dlpole contribution, that ],w ad should be involved. We have also taken into account the non-
and/or [S“ o, According to our theoretical results, we Condon effect and the breakdown of the-8 approximation
expect that the band shapes for these figures should be differentjn our theoretical expressions, and we have shown that the band
as shown in Figure 9. shapes for these two cases should be different.

In this paper, band-shape functions of various SFG spectra Finally, we would like to emphasize that, in this paper,
have only been discussed qualitatively, because the quantitativemolecular-theoretical expressions for three different types of
calculations of these band-shape functions are usually quiteSFG experiments have been presented; the near-electronic
complicated. A detailed calculation of the band-shape function resonance SFG signal is the easiest to compute, because it is
of doubly resonant IRUV SFG has been presented in a electric-dipole allowed and, thus, quantum chemistry calcula-

Figure 9. Doubly resonant IRUV SFG of R-BN. Panels A and B
are forR-BN in acetone solution and a@R-BN monolayer on water,
respectively. Data points are adopted from fhig = 335 nm case
given in ref 51.
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TABLE 4: Laser and Detection Polarization Combinations for the Doubly Resonant IR-SFG Spectrum of R-BN in Acetone
Solution?

polarization e—e e-m m—e m-m
combinationyyy. Es; * (Buyy ¥ ) By * (Buyy x by B * (D1y, X &2,) &gy * (D1y, x b2yy)

PPP 0 —sin (01 — 09 —sin (@2 + 69 0

SSS 0 0 0 —sin (01 + 6)
SPS 0 sin@1 + 602) 0 0

PSS 0 —sin (02 + 0y —sin (01 — 69 0

SSP 0 0 —sin (01 + 62) 0

SPP sing + 0,) 0 0 0

PPS sin Q1 - 95) 0 0 —sin (92 + 95)
PSP —sin @2+ 69 0 0 sin @1 — 69

a Experimental geometry from ref 51 is used.

tions can easily be applied to quantitatively calculate molecular electronic coordinateg but also nuclear coordinat€sand the
properties that are explicitly given in the theoretical expressions. dependence obn(g,Q) and®4(q,Q) on Q can be performed as
For the other two cases, they are electric-dipole forbidden andfollows. Notice that

their allowedness can be attributed to the electric-dipole .

magnetic-dipole interactions, a non-Condon effect, and the H(0,Q)®,(a.Q) = U,(Q)P,(a.Q) (B-1)
breakdown of the BO approximation; although the electric-

dipole—magnetic-dipole contribution can easily be computed and

using current quantum chemistry calculation methods, the other " _ )
two mechanisms require difficult calculations of the vibronic H(0,0)2,(0,0) = Ux(0)P4(4,0) (B-2)

couplings. whereH(q,Q) represents the Hamiltonian of electronic motion.

Appendix A Using ®@4(q,0) as the basis set, we find, using the perturbation

) . _ method,
We have also derived the molecutaheoretical expressions

of SFG for the quadrupol® = Y5(3% €f; ® Ti — I er?d) . aH,
contributions. Because they do not have any significant role in H.(0.Q) = e(q 0)+ z (B-3)
this paper, for comparison, only the resulting expression for b p
the e-Q case is given in the foIIowing'
Ex0, @ @0) Q q O)D
(85,5 (O = expl-it(w, + wz)] Fog(@1 + @) x ’ Z Pl
©,(0,Q) = P,(q,0) + Z
EI]'Q(eS e2?72.e.l.7/1 Z)Dé)(wZ) + LQ(eS'k ;e.l.rjl’e2172)D(2)(w2)D+ : ? Ua(O) b(O)

E,Ew ®,(q,0)+ -+ (B-4
exp[—it(w, +a)2)] F g @1,0,) (L@, 18, k) b(q ) (B-4)

D wy) + LQ(es,k 81,8, )0:D(w,) 0 (A-1) fing = [@,(0.Q) | Py(q.Q) = iy + Z
where N 0 (B-5)
Lof@ )= o ), k) ()
Qeseby eln’Z €5 92772 1y, 2)
aH
o i @Pb(q 0)\( ®,(a, O)D
Dg)(a)z) = Z—[4(ﬂgn *Qug* Tin) — 8,ung A "o
mOng — W ~ —] = Mg
(i * Qug* gl (A-8) 9o Uy(0) = Un(0)
and . @%(q 0>]( \cbg(q O)D
1 -
DD(w.) = [l Qg T + /,L .-+ (B-6)
Q (w9) an’g _ wz[ (‘ugn n'g ‘unri) Z Ug(O) — U 0) ne T
40 . g A-4 . N
Ginrt Qg " Fgn] (A4)hererany(g,0)(3F1e/0Q0)c| (0,00 BNd @, O) (GFIY QI Py
If SPP or PPS is chosen, then we ha < o (Dl = 0, (g,0)denote the so-called vibronic coupling.
whereas if SPS with &, - &,,) = 1 configuration is chosen, Next, we consider the effect of the-#) coupling Hgo.
then we have According to the B-O approximation,
E,E £ 0 O 0 )
ﬁngz(t)gnv_ expl-it(w, + 602)] 17272 [T, + Ho(0,.Q)]v,,(a.Q) = E,, ¥,,(0,.Q) (B-7)
and

Lo(8s®y, 8,,k)DE <w2>an<w1 +w,) (A-5)
Appendix B 15,(0.Q) = ©,(0,Q0,,(Q) (B-8)

According to the B-O adiabatic approximation, the electronic  whereT, denotes the kinetic energy operator of nuclear motion.
wave functionsb,(g,Q) and®y(q,Q) are dependent on notonly  The effect ofHgo can be calculated perturbatively (see egs 4-20
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and 4-21). It follows that

. 0 O 0
nu=gulgh | H:BOW)nuqo

;ugu,n’u' +

Agunu = Fgonu + —
nu Enu - En'u’
ez G Haolg, D
gv ~0
Z ﬁ/"n”u”,nu + -+ (B-9)
na oA Egv — En”u"

or approximately ©4(q,Q) ~ ®4(q,0) = @9

- _ -0
fugy,nu - ﬂgn@gz/'@nu[H_

P P |

ool -

e L P (B-10)
70 4o (B

22 (U0 - U,z

This should be compared with the non-Condon effect,

— _—=0
fugz/,nu - ﬂgn@gy|®nu[‘+

Q’ aH
0

n
n'=n

— @y
% Z U,(0) — Uy(0)

gu| Qpl O,

0Q, .
7% + - (B-11)

Equations B-10 and B-11 show that Ao contribution is
one order of vibronic coupling smaller than that of the non-

Condon effect contribution.

Appendix C

To discuss the band-shape function, we shall let

Fp(wIR’wUV) =
BE)QU' | Qp| ®gy|:]

X
u (wnu,gu - iVnu,gu TORT wuv)(w'gy',gu - ngu’,gu - wIR)
[@gz/|Qp|®nunu|®gz/’D_ IZDgv'®nu[ﬂ:®nu|Qp|®gu’u] (C'l)

For harmonic potential surfaces, we find, in the low-temperature

range,

Fp(wIR’wUV) =

=
28, 1

(wp - ngl,go — wR)T (wnu,gO_ iVnu,go_ WiR ~ Wyy)
[Qg0p|Qp|XnupD&nup|XglpD_ ljthpDCnup‘:DiynudQpbfglp[.l] X
=nS" exp(=S)

X

(C-2)
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1

2Py

Jo dtexp{ —it(wp,g, —

Folwroyy) = .
(wp - IVgl,gO - wIR)

OR = Ow) T Vg, T Y [Z5 + § expCito)} Gy
p (C-3)
where

ép(t) = ZO[QgOp|Qp|XnupD]5knup|XglpD_ Lﬂ’gOp'XnupDX
Up=

1 1
Bnupl Qplxg1pd exp{ _it[(up + E)a"p - (E)wp]} (C-4)

and Gy(t) can be expressed as

= 1

Gy(t) = 7
(ﬂp + B cothi)

A

ito BiBigy’ tanh

— 2p0 _p - @ =

V2B, By ex;{ 5 ) exp 7

By + By tanh—

2

(C-5)

L SR G
By sth + B, coshE By coshE + B, sth

whereQ, = Q, + dy, Bp = wph, B, = wi/h andi, = itw;, If
Bp = By, then eq C-5 reduces to

— [L—exp(-7)]
V2P,

Next, we consider the SFG band-shape function due to the
breakdown of the BO approximation. Using eq B-11 (see
Appendix B), we obtain

Gy = exp{— §[1—exp(-4)]} (C-6)

. (AT 0
. . n uznuEy}n'uJHBOW)nuDQO
/"gu,nu X /’tnu,gzz’ - 0 0 gy,n'y’
ma E.— Ew

o 0 A 0
mu ¢QUDJUH”U”|H’BO|1/}gu[|_>0

n'u’,nu

-0
X u nu,gv’ +

-0 -0
:ugu,nu X /’tn’u’,gy') + X

: 0 _ 0
o By, — By
s ’ O AI O
Y e g Fpol gD
/"nu,gv’) + 0 0 gv,nu X ﬂnu,n”u”) t oo
L PR

(C-7)

We can see from eq C-7 that the SFG band-shape function in
this case will be very complicated. In the following, we shall
discuss some special cases. If we ignore the contribution from
the ground electronic state, eq C-7 reduces to

. 0 0 0
nu¢nu|]y)n,u,|H;30|1/)nu[|_>

0 0
ma Ew— Eww

[@gz/'@n'u'mnu'@gv’m_ IZDgu|®nu|]:m9n’u’|®gu’u] + -+ (C-8)

- - _ 0 -0
:ugv,nu X :unu,gu' - an X /"ng) X

Here, we have assumed that all the oscillators except for the

Qp mode are displaced harmonic oscillators &denotes the

Huang-Rhys factor. It follows that

Here, the Condon approximation has been used. For the single-
mode case af = 0, we obtain
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s AI
nUinu@n’%n’u’p'HBolq)anup[ILO o
\‘ugrf X Aung) X

ﬁg nu X ﬁnugl =
o ' 0 0
T ES— Edy

[ngan'u'pD&nuJXglpD_ I-_A,}’gOPWn%DRn'u'pnglpq] + e+ (C-9)

where, for a displaced oscillator,

2d.)% &
T o, 0= g Q) (T (_Vﬁrju_'p) exp(_ ﬁpr)
g (C-10)

l-_gtn’u'pbfglpl]: @n’u'p(Q;)I) |Xglp(Qp) D

2 T \Up—1 2
WhZDT ﬁplzo,l‘:) (U — B,0y12) exp(— @’)
Vil 11

and so on. HereQ, = Q, + dy and Q) = Qp, + d. The
multimode case can be treated similarly.

The inhomogeneity effect on the SFG band-shape function

can be treated using, for exampkg,(w1,02), which is given
by eq C-3. For the inhomogeneities of the electronic gagp
the distribution function ofwng is usually assumed to be
Gaussian:

2
flwng = s Dzw”g)] (C-12)

1
ex
vV aD?

In this caseFy(w1,w2) becomes

1
P 00
Folorwy) = . L/:) dt x
(wp - Iygl,go - 6UIR)
t°D?
exp — it(@nyg, — g — Wyy) — V Whuge| <
exf{ H [-S+§ exp(-ito)]} G,(t) (C-13)
I
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