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We show theoretically and experimentally that for sum-frequency vibrational spectroscopy near
electronic transitions, resonant enhancement of the chiral response can be much stronger than that of
the achiral response. The doubly resonant spectrum selectively enhances the vibrational modes through
their different electron-vibration couplings. The unusually strong resonant enhancement significantly
improves sensitivity of chiral spectroscopy and allows detection of the chiral vibrational spectrum of a

molecular monolayer for the first time.
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Being the basis of all living organisms, chiral mole-
cules play a key role in chemistry, biology, and medicine.
However, only a few spectroscopic techniques are avail-
able to probe molecular chirality. The most common ones
are measurements of optical activity, circular dichroism
(CD), and Raman optical activity (ROA). All of them rely
on electric-dipole forbidden processes [1] and therefore
are not sufficiently sensitive to detect chirality from
molecular monolayers or thin films. Yet such studies are
highly desirable, for example, for understanding the ad-
sorption and the change of conformation of proteins at
interfaces [2] and the separation of chiral compounds on
chiral surfaces [3]. Recently, it was demonstrated that
optical second-harmonic generation [4,5] and sum-
frequency generation (SFG) [6—8] can be used to obtain
chiral spectra of molecular systems. Sum-frequency vi-
brational spectroscopy (SFVS), in particular, can yield
chiral vibrational spectra directly related to the molecular
chiral structure. These processes are electric-dipole al-
lowed and would have high sensitivity to detect chirality,
but SFVS on several chiral systems has found a chiral
response many orders of magnitude smaller than that
from an ordinary electric-dipole SFG process [6].

It is known that the optical nonlinearity responsible for
SFVS near a vibrational resonance is proportional to the
product of infrared and Raman amplitudes for the vibra-
tional mode. The chiral nonlinearity of a bulk liquid,
specifically, is proportional to the antisymmetric part of
the Raman tensor [6]. The latter is known to be much
smaller than its symmetric counterpart at frequencies far
from electronic resonances because of partial cancella-
tion of contributions from different vibronic states [9]. As
the sum frequency (SF) approaches electronic resonances,
the cancellation becomes worse and the chiral SFVS
response should experience additional enhancement on
top of the usual resonant enhancement.

In this Letter, we present a theory that shows explicitly
the very different resonant dispersions of chiral and achi-
ral responses in SFVS. To test the theory, we have carried
out doubly resonant (DR) SFVS measurements on a bulk
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1, 1'-bi-2-naphthol (BN) solution in acetone and a mono-
layer of BN on water. The experiment showed good quali-
tative agreement with the theory. The strongest resonant
enhancement in a chiral spectrum is more than 10° as SF
approaches the first electronic resonance of BN, in con-
trast to about a 10? enhancement in an achiral spectrum.
The enhancement is different for different vibrational
modes because of significant differences in their electron-
vibration coupling strengths. The very strong resonant
enhancement of the chiral response enables us to record
the first chiral vibrational spectrum of a chiral monolayer,
namely, a BN monolayer on water. This makes SFVS as a
novel probe of molecular chirality much more attractive.

The SFG signal at w = w; + w, from a sample in
transmission or reflection is given by [10]
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where k;, ¢;, I;(w;), and F(w,) are the wave vector, polar-
ization, intensity, and tensorial Fresnel transmission co-
efficient, respectively, for the wave at w;, :\;(Sz) and }5? are
the surface and bulk nonlinear susceptibilities, and Ak, is
the phase mismatch. In terms of the second-order mo-
lecular hyperpolarizability a? [11], for ?32)5 we have
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Xis = (@), 2
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where Np and Ng are the bulk and surface molecular
densities, respectively, Lg ¢ is the corresponding local-
field correction factor, and the angular brackets denote
the orientational average. Under the electric-dipole ap-
proximation, };2) vanishes from the orientational average
in an ordinary liquid but has a nonvanishing chiral ele-
ment in a chiral liquid,
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At a surface or interface, yg  possesses both chiral and

achiral components. As shown in Ref. [6], the chiral  Following the derivations in Ref. [12], we can obtain a
more explicit expression for M,. It starts by including

vibronic coupling and nonadiabatic correction as first-
order perturbations in expressing |n, 8):

components of ;(52) and }ﬁf) can be assessed in SFG by
polarization combinations SPP (S, P, and P polarizations
for the fields at w, w;, and w,, respectively), PSP, and

PPS and the achiral ones by PPP, SPS, SSP, and PSS. lv X (s 0(EH)[n)] S, )
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their microscopic expressions. With w, near vibrational s#Env no=sv
resonances, aif,)] ¢ has the near-resonant expression [11] where Q(g—H) is the operator for the first-order vibronic
1 (2, 1]1e,]g, 0) coupling with H being the molecular Hamiltonian and Q
a(;)] ;= —Z(M én & I8 . ) ., (4) the vibrational normal coordinate. Assuming |w —
"4 (@ = @g1—g0 T ilg1-40) /i wy5-g0l K |w + @,5_41, we can neglect the second

where the index i refers to the ith vibrational mode, f is term in Eq. (5) and find

the dipole operator, w,; 49 and I'y; _ 4 are the frequency M,
and damping constant for the vibrational transition from )
lg, 1) to |g, O) with g referring to the electronic ground ~ With
state, 0 and 1 refer, respectively, to the ground and the first
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where /"Ll{m = (l|ps|n) and hy, = (ll(%)dm} are assumed real [9]. Similar expressions are obtained in Refs. [13,14].
Here we have neglected, for simplicity, the vibronic coupling in the ground electronic state as it is typically smaller than
the vibronic coupling in the excited electronic states by the ratio of about w,,;/®,,. Since the shift in the equilibrium
positions between the ground and nth excited electronic states is A = —2h,, Q(z)l /(hwg) [13], we have wQ<0g|1,,) =
—woA/(2Q01) = h,, Qo1 /. Thus, to the first order, both terms in Eq. (7) depend linearly on vibronic couplings and are
of the same order of magnitude.

It is seen from Eqgs. (3) and (4) that only the antisymmetric part of M,, namely, M‘g’; = %(M i~ M ,,g),
contributes to il The symmetric part, M, = 1(Mg, + M), on the other hand, contributes to the achiral hyper-
polarizability [6]. The w dispersions of chiral and achiral hyperpolarizability components are then governed by Mg,
and M}, respectively. For M}, , knowing (5,,[5,) = 1, (0,[1,) = —(0,I1,), terms with & =2 are negligible, and
assuming equal damping constants for all electronic transitions, from Egs. (8) and (9) we have
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where w, is the vibrational frequency. For B3 g & representative leading term is
1 1
By, =55 s Qo1 (hig il + il o )[ . .
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For Mg, , the Ag, term vanishes, and a representative leading term of B, appears as
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Sufficiently far away from resonance, the two terms in the
brackets cancel each other to a large extent and By, can
be approximated by

B?i;:zﬁzz Z Pos Qo1 (Kb il — fomg i)
n#gs<n,#g
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As w approaches w,— 0> the cancellation becomes in-
creasingly poor and |B | 1ncreas1ngly large. If we as-
sume equal strengths for ,uy,i Mie and 1(,(/,5&;1,% +
,ung,usg) and h,, ~ h,,, it can become comparable to
|AS 77| and |B | (|B‘“ ~ |B‘én| and |A2;77| is larger by
W50—n0 wQ)-

To test the theoretical prediction, we have studied DR-
SFVS from BN. Molecular structure and UV absorption
spectrum of BN are shown in Fig. 1(a). The two peaks in
the spectrum come from transitions to the two exciton
states separated by 0.22 eV, which corresponds to fiw_ 0
in the above equations [8].

Our experimental arrangement [Fig. 1(b)] for DR-
SFVS was similar to the SFVS setup described in
Ref. [6] except that both infrared and visible input pulses
were tunable with pulsewidth 20 ps, a repetition rate
20 Hz, and energies ~75 uJ for w; and ~30 uJ for w,.
They were generated from a Nd:YAG laser-pumped opti-
cal parametric system. To study the dispersion of chiral
DR-SFVS, we measured SF output in reflection from a
solution of 0.46M R-BN or S-BN in acetone. In this case,
the chiral bulk contribution from x$hir! dominated as it
was more than 100 times stronger than that from a well
oriented full monolayer of BN on water. The vibrational
spectra were obtained by scanning w, over vibrational
resonances of BN while having w; simultaneously ad-
justed to keep w = w; + w, fixed. The measurements
were repeated for different values of w. The very strong
double-resonance enhancement allowed us to obtain
also the chiral vibrational spectrum of a BN monolayer
on water.
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FIG. 1. (a) UVabsorption spectrum of BN in acetone and the
structure of the BN molecule. (b) Experimental geometry.
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Figure 2(a) presents the representative SF chiral vibra-
tional spectra at several sum frequencies w obtained from
the chiral BN solution in acetone using the SPP polar-
ization combination. The absolute values of | yshr /Ng|?
were deduced by calibrating against SFG from a crystal-
line quartz plate with Ny = 2.8 X 10 m™3. As seen in
Fig. 2(a), there is a strong resonant enhancement as w
approaches the first excitonic resonance of BN at 3.67 eV.
Compared to the spectrum taken at iw = 2.51 eV far
away from resonance, selected vibrational peaks in the
spectrum taken at iw = 3.70 eV experience an enhance-
ment of more than 103. For comparison, Fig. 2(b) displays
the achiral vibrational spectra of | xs yy./Ns|* (with Ng =
2 X 10'® m™2 [8]) taken at the same set of w values with
the SSP polarization combination from a monolayer of
BN on water (achiral elements of /\/( vanish in the bulk
because of symmetry). The resonant enhancement is only
~200. At the peak of resonance, |xs,,./Ns| is about
2.5 times larger than |yl /Ny|.

The vibrational modes of BN in the 1300-1600 cm ™!
range originate from CH bending and ring deformation
modes. The OH bending modes may also show up in the
1350 cm™! region [15]. A detailed assignment of the
spectral peaks will have to come from a molecular dy-
namics calculation. Here, we only note that the observed
SFVS spectra show very different resonant enhancements
for different vibrational peaks. This is especially clear in
the chiral SF spectra and is the result of very different
vibronic couplings for different modes. Strong resonant
enhancement, better assignment of modes through their

2 [1 0476(m4/v)2] B
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FIG. 2. (a) Chiral spectra | y§™! /Ng|? of a 0.46M solution of
R-BN in acetone and (b) achiral spectra |xs ,,./Ngl|* of an R-
BN monolayer on water with SF at 3.70 eV (open circles),
3.65 eV (open squares), 3.59 eV (open down triangles), and
2.51 eV (solid dlamonds) The 2.51 €V spectra of |y§ia! /Np|?
and |xs,,,./Ng|* were multiplied by 10°> and 50, respectively.
Vertical shifts are used to separate spectra in the display and
lines are for guiding the eye.
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FIG. 3. Peak strengths of vibrational modes of BN at 1375

and 1430 cm™! in x5k /Ngl? (solid down and up triangles,

respectively) and in | Xs,yyz/Ns|2 (open squares and circles,
respectively) versus fiw. Solid lines are calculated from the
frequency dependence of |B‘§f7|2 (upper curve) and IBS&’I2
(lower curve) in Egs. (12) and (11). Vertical shifts are used to
separate spectra in the display.

selective resonant enhancement, and possible deduction
of vibronic couplings for the modes are known to be the
advantages of doubly resonant Raman spectroscopy. This
is also the case for DR-SFVS but is exceptionally striking
for chiral responses in DR-SFVS.

More detailed resonant enhancement behaviors of the
1375 and 1430 cm™! vibrational modes near the first
electronic resonance are shown in Fig. 3, where the peak
intensities of | g™ [* and | xs ,,.|* of the two vibrational
modes are plotted against the sum-frequency w. It is seen
clearly that the chiral responses decrease much faster
than the achiral ones as @ moves away from resonance.
For theoretical comparison of this near-resonant case, we
consider the BN molecule as a system with a vibrational
mode at 1400 cm™! and two exciton-split electronic ex-
cited states at 3.67 and 3.89 eV. The dependencies of
| x5! and |xs,,,.| on  are approximated by those of
Mg, and My, , and more crudely, by the resonant disper-
sions of B‘g] and Bén’ respectively, in Egs. (11) and (12) or
(13). From Fig. 3 one can see that these dispersions
describe chiral and achiral experimental data quite well.

With the exceptionally strong resonant enhancement of
the chiral response near double resonance, one would
expect to be able to observe chiral vibrational spectra of
a monolayer by SFVS. While achiral vibrational spectra
of molecular monolayers are routinely measured, the
chiral counterparts have never been observed before by
any techniques. Using DR-SFVS on BN on water, we
succeeded in recording the first chiral vibrational spec-
trum of a molecular monolayer. This is seen in Fig. 4,
where it is also shown that no chiral spectral peaks are
detectable from a monolayer of racemic mixture of BN.
Because of the more ordered orientation of BN molecules
adsorbed on water [8], the SPP spectrum appears differ-
ent from the bulk one in the relative intensities of vibra-
tional modes. Work is still needed to relate the spectra
from SFVS to the molecular structure and orientation.
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FIG. 4. SPP spectra of monolayers of R-BN (circles) and a
racemic mixture of BN (squares) on water with SF at 3.70 eV.

In conclusion, we have demonstrated both theoretically
and experimentally that vibrational-electronic double
resonance can enhance the chiral SFVS spectra much
more strongly than the achiral ones. Experimental results
of DR-SFVS from a BN solution are in qualitative agree-
ment with theoretical predictions. The exceptionally
strong resonant enhancement makes detection of chiral
vibrational spectra of molecular monolayers possible.
Different vibrational modes show very different enhance-
ments near an electronic resonance because of the differ-
ent vibronic coupling strengths. This would facilitate
assignment of modes in vibrational spectroscopic studies
of chiral molecular structures.
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