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ABSTRACT: Analytical theory is proposed predicting remarkably
large and fully electric-dipole-allowed circular dichroism (CD) in
electronic ultraviolet—visible (UV—vis) absorbance spectroscopy of
uniaxial surface assemblies. Partial depolarization of the transmitted
beam provides a pathway for surface-specific and chiral-specific
dissymmetry parameters that are orders of magnitude greater than
those from analogous measurements of isotropic systems. Predictions
of the model generated using ab initio quantum chemical calculations
with no adjustable parameters agreed with UV—vis absorbance CD
measurements of naproxen microcrystals prepared on hydrophilic
substrates. Notably, these calculations correctly predicted (i) the key
spectroscopic features, (ii) the relative magnitudes of chiral-specific
peaks in the CD spectrum, (iii) the absolute CD sign, and (iv) the
reciprocal CD sign inversion arising from sample reorientation in the instrument. These results connect the molecular structure and
orientation to large CD observable in oriented thin-film assemblies, with the potential for further extension to broad classes of chiral-
specific spectral analyses.

H INTRODUCTION However, these “interferences” from LD—LB interactions

Molecular and supramolecular chirality play critical roles in the can often exhibit sensitivity to chirality orders of magnitude

. . 4 . . .
formation and interactions of biological systems, accessed greater than the isotropic counterparts.” While this higher

experimentally through chiroptical spectroscopies. Chiral- sensitivity often frustrates isolation of the isotropic response, it
specific perturbations in spectral analysis are typically orders simultaneously suggests intriguing possibilities for improve-
of magnitude weaker in isotropic media than their achiral ment in chiral-specific selectivity and sensitivity. The analytical
counterparts, complicating their analytical utility. While the utility of this orders-of-magnitude improvement in chiral
relationships between molecular chirality and circular dichro- sensitivity arguably hinges on the reliability of predictive
ism (CD) absorbance spectroscopy have been studied for over frameworks to connect the observables back to the molecular
a century for isotropic systems, predictive models for ordered structure and orientation. Major strides toward this end have
assemblies of lower symmetry are less well-established. appeared recently from work by Salij, Goldsmith, and
However, additional electric-dipole-allowed mechanisms for Tempelaar,” in which a molecular basis was proposed for
chiral-specific effects can arise in ordered assemblies. Most describing LD—LB contributions to CD in terms of

theoretical and experimental approaches on this subject focus
on methods to remove these presumed “artifacts” from local
ordering to isolate the isotropic response. Notably, the
combined effect of linear dichroism and linear birefringence
(LD-LB) in anisotropic media has been known for more than
30 years to produce electric-dipole-allowed CD responses in
ordered systems that are unique from the isotropic
responses.' ' Notably, the sign of the CD response arising

interactions through consideration of a pair of local Lorentz
oscillators within the molecular frame. In particular, Salij et al.
identified the importance at the molecular level of non-
coparallel transition moments,® consistent with analogous prior
conclusions at the macroscopic material level requiring
orientational disparities between the principal axes describing

from LD-LB effects inverts in sign upon sample flipping, Received: May 10, 2023
dubbed a reciprocal CD response. In anisotropic samples, Revised:  June 23, 2023
Shindo proposed a Mueller/Stokes formalism for decomposing Published: September 18, 2023

the observed CD response to contributions from isotropic CD
(nonreciprocal), LD—LB interactions (reciprocal), LD, and
polarization-dependent detection artifacts.”
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LD and LB in order for the pairing to produce interferences in
CD measurements.”

Intriguingly, several recent studies have reported exper-
imental observation of nonreciprocal CD attributed to LD—LB
effects in samples exhibiting neither LD nor LB. In studies by
Albano, di Bari, and co-workers,” thin films of an
oligothiophene were shown to exhibit large dissymmetry
parameters (g = +0.2) with nearly total sign inversion upon
sample flipping but negligible net linear dichroism. Never-
theless, the sign inversion upon sample reorientation together
with the large dissymmetry parameter suggested a dominance
from LD—LB effects. Microscopy of the resulting thin films
identified local domains extending over distances large relative
to the wavelength of light but small relative to the probed area
of the spectrometer. In this case, LD—LB contributions were
attributed to optical interactions within localized organized
domains. In measurements of binaphthol thin films by
Kartouzian and co-workers,® nonreciprocal CD emerged
upon storage of evaporated thin films upon crystal formation.
Optical micrographs suggested the formation of locally ordered
crystalline domains with persistence lengths of order spanning
up to several millimeters. However, in the absence of net LD or
LB upon sample rotation, the authors attributed the signal to
isotropic CD but provided little explanation for the CD sign
inversion upon sample flipping without chiral inversion within
the molecular frame. In follow-up measurements by second-
harmonic generation circular dichroism (SHG-CD),” Kartou-
zian and co-workers cited the advantage of using large-beam
measurements to integrate over local anisotropic domains in
SHG-CD measurements acquired at normal incidence. In
closely related work, circularly polarized emission with
anisotropy parameters around +10% was reported by di Bari
and co-workers, also attributed to the formation of domains
exhibiting local anisotropy.

Despite the success of the model by Salij et al.,, ambiguities
in the molecular packing within the oligothiophene molecules
at the interface arguably complicate definitive validation of the
proposed orientational mechanism. While simulations support
the possibility of observing CD spectral measurements for
assemblies with particular assumed molecular orientations,
nonlinear fitting of the spectral and molecular properties was
performed to align the predicted and measured spectral
responses; it is not clear whether these presumed orientation
distributions are consistent with the molecular ordering
produced upon drop-casting thin oligothiophene films.
Furthermore, Salij et al. correctly conclude that circular
polarization is in principle agnostic to the principal direction
of a locally ordered domain, but did not explicitly consider the
collective effects of many such domains on the polarization
dependence of the net transmitted beam. While providing a
solid foundation for interpreting these spectral features, the
framework of Salij et al. would be further strengthened through
derivation of formal symmetry-derived molecular and supra-
molecular requirements bridging molecular chirality, supra-
molecular chirality, and the macroscopic CD observables.
Ideally, one would seek to identify a molecular assembly, in
which both the molecular structure and the supramolecular
packing within the local material can be known a priori for
direct comparison between theory and experiment without
adjustable fitting parameters.

The observation of apparent LD—LB contributions to CD
by Albano and co-workers in assemblies exhibiting no net LB
or LD’ suggests potential merit in considering spectroscopic

8217

analyses in systems of higher symmetry than typically
attributed to LD—LB coupling. When considering predictive
frameworks for system symmetries approaching isotropic, the
most obvious starting point is arguably uniaxial, in which one
axis is unique relative to the other two orthogonal axes.
Uniaxial symmetry is by far the most prevalent below isotropic,
routinely arising at interfaces, in fibrillar macromolecular
assemblies, in lamellar structures, in systems under flow, and in
the presence of applied external fields. Furthermore, uniaxial
symmetry with a unique axis normal to the surface is consistent
with the absence of both linear dichroism and linear
birefringence measured along the surface normal, consistent
with the LD—LB attributed measurements reported by Albano
and co-workers.”

While a fair body of work has been considered LD—LB
contributions to local chirality in coherent transmission
measurements for anisotropic samples, comparatively little
has been devoted analysis in the incoherent limit in
azimuthally isotropic samples. Decoherence is generally driven
by fluctuations in optical phase and/or polarization as a
function of time, position, or both. In isotropic systems,
decoherence routinely arises in the presence of light scattering,
in which measurements typically integrate over dynamic
fluctuations within the probe volume. In spatially structured
samples, optical scattering and/or microscopy provides access
to contrast related to spatial fluctuations, in which integration
in space results in coherence loss in optical transmission. In
both instances, loss in coherence is more pronounced when
the persistence length of local or transient order approaches or
exceeds the optical wavelength.

The presence of partial decoherence can also impact both
the scaling and orientation dependence of the detected
intensity. Optical signals produced from coherent interactions
in condensed-phase molecular materials generally scale
quadratically with molecular number density. Such operations
can be described using Jones vectors and matrices, with optical
interactions fully defined by field-based descriptions of
polarization."”"" In contrast, incoherent interactions such as
those from molecular scattering result in a linear scaling with
number density. These scaling trends are also mirrored in the
orientational averages connecting the detected intensities back
to molecular orientation. A classic example from nonlinear
optics is the difference in symmetry and orientational averaging
for coherent second-harmonic generation, which is symmetry
forbidden from orientational averaging in isotropic media as an
even-ordered three-wave mixing process, contrasted with
hyper-Rayleigh scattering, which is the incoherent analog and
bulk-allowed when cast as a six-wave mixing process. = "
Rather than field-based Jones transformation matrices, Stokes
vectors and Mueller matrices are more useful for describing
polarization transfer in partially decohering light/matter
interactions. In the orientation dependence, a quadratic scaling
with number density for coherent interactions results in
expressions for the orientational average scaling linearly with
the molecular polarizability. In contrast, the linear scaling with
number density for incoherent interactions correspondingly
yields a quadratic scaling in the orientational averaging over
the molecular polarizability. Importantly, this difference in the
molecular orientation dependence for coherent versus
incoherent interactions can influence the connections bridging
far-field observables to local and molecular-scale properties.

In this context, mathematical approaches for describing the
orientational averages for coherent four-wave mixing spectro-

https://doi.org/10.1021/acs.jpcb.3c03104
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scopic observables in uniaxial assemblies have the potential to
map directly onto incoherent two-wave mixing spectroscopy.
In this case, our prior work describing selection rules and
symmetry relations for four-wave mixing spectroscopy in
uniaxial assemblies'® may potentially be brought to bear for
describing incoherent contributions to absorption spectrosco-
py. Notably, prior work predicted the possibility of observing
fully electric-dipole chiral-specific and interface-specific four-
wave mixing (4WM)."* The primary purpose of this study is to
explore the predictive capability of this prior electric-dipole-
allowed four-wave mixing framework in quantitatively
recovering chiral-specific observables in absorption spectros-
copy of oriented assemblies with a known molecular and
macromolecular structure.

B METHODS

Experimental Methods. Thin films of (R)- and (S)-
naproxen were prepared by drop-coating microcrystalline
suspensions onto hydrophilic fused silica microscope slides.
Fused silica microscope slides (Esco Optics) were cut for
compatibility with the spectrometer sample chamber width
(12.5 mm). Slide surfaces were prepared by immersion in
“piranha” solution consisting of three parts concentrated
sulfuric acid to one part 35% peroxide solution at 60 °C for
30 min to provide a uniform hydrophilic surface. Enantiomeri-
cally pure microcrystalline suspensions of naproxen (98%
purity; MilliporeSigma) in saturated toluene were then
prepared at 7.00 mg/mL at 40 °C for crystal deposition,
cooled to room temperature, deposited dropwise onto slide
surfaces, and left for slow evaporation in a desiccator.
Brightfield images of the resulting films were taken at 10X
magnification to extract domain sizes. Second-harmonic
generation imaging (Formulatrix SONICC) confirmed the
presence of homochiral crystals by this preparation. Domain
sizes were estimated by obtaining the power spectrum of the
corresponding brightfield images, fitting the resulting auto-
correlogram with exponential decay, and extracting the
characteristic spatial frequency.

The crystalline thin films were oriented with the slide
perpendicular to the optical axis during absorbance and CD
measurements. Samples in the “normal” orientation were taken
with the thin film facing toward the light source. The slides
were then rotated 180° about the axis perpendicular to the
principal axis to the “flipped” orientation and again measured.
All CD and absorbance measurements were obtained using a J-
1500 circular dichroism spectrometer with a scanning speed of
50 nm/min and a digital integration time of 4 s. Microcrystal-
line suspensions of (R)- and (S)-naproxen were prepared at
4.00 mM in hexanes, and absorbance and CD measurements
were performed using a standard 1 mm path length fused-silica
cuvette (Starna Cells).

Quantum calculations of (S)-naproxen were performed
using the GAMESS electronic structure package, version
2016 R1."” The initial molecule structure was imported from
the Cambridge Structural Database (CSD)*° using the
structure reported previously’' and referenced by CSD
identifier COYRUD. The transition dipole moment of excited
states 1—10 and the adiabatic polarizability were calculated
using DFT(B3LYP) with a 6-31G* basis set. Visualization of
the molecular orbitals was conducted using MacMolPlt.*”
Calculations were performed in a dielectric continuum to
partially account for the local environment within crystalline
lattice.
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Theoretical Foundation. Jones Framework. The electric
polarization P induced from a material is given by the product
of the local electric field and the electric susceptibility matrix y.
In this local frame, the electric field is described by a 3 X 1
column vector in Cartesian coordinates. In the limit of a thin
film, the subscript eff indicates the effective field experienced
locally within the dielectric environment within the film.

_ ®

[0
P = g

(1)
Provided the path length is sufficiently short such that the
change in polarization by the sample is negligible, the eff
moniker can be removed by incorporating local Fresnel factor
corrections through multiplication by a diagonal matrix L,
which bridges the far-field polarization to the local driving
fields. For measurements at normal incidence in a macro-
scopically uniaxial system about the surface normal Z-axis, the
Fresnel factor corrections for the X- and Y-polarized fields are
identical with L™ = L.

P = yL%" (2)
The polarization dependence of the detected field is connected
to the induced polarization by projection onto the detected
polarization state for a given geometry of detection. For
coherent plane-wave light at normal incidence, only the X and
Y field components at the interface are nonzero.

3)

For measurements of uniaxial systems at normal incidence, the
equality between L™ and L?” allows the matrices L™ and L°* to
be replaced by the scalar multipliers L™ and L°", respectively.

It is worth noting that this framework does not account for
perturbations from local birefringence within the Fresnel local
field factors themselves. However, the role of linear
birefringence is explicitly considered in the formulation of
the local polarizability matrix y. This approach more
conveniently connects the observables from the thin-film
assembly back to molecular properties.

Mueller/Stokes Framework. In structurally heterogeneous
films with persistence lengths significantly greater than the
wavelength of light, the combined transmitted intensity
consists of the incoherent addition of the intensities produced
by many individual locations when detected on an integrating
detector. Formally, the separate sources will produce a speckle
pattern, as the local fields add to produce interference.
However, integration over the speckle pattern leads to an
incoherent summation of the combined intensities. In this case,
it is more practically useful to describe the detected
polarization state integrated over the probe area of the beam
in terms of Stokes vectors and Mueller matrices rather than
Jones vectors and matrices.

eout — LoutP

w
sout

— A(e(l)

out

® e((ﬁlt 4)

The matrix A connects the Kronecker product (indicated by
the @ og)eration) of Jones vectors for the fields with the Stokes
vector.'

Substituting for the (un-normalized) Stokes vector using eq
4 and replacing the matrices L with constants (consistent with
measurements made along the macroscopic uniaxial axis) yield
the following expression for the Stokes vector describing the
polarization state of the transmitted beam in a framework
amenable to incorporation of partial depolarization.

https://doi.org/10.1021/acs.jpcb.3c03104
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ut _ |LOUt|2|Lin|2A[(){(l)ein)* ® (Z(l)ein)] (5)
Using the relation (a-b) ® (cd) = (a ® ¢)-(b ® d), the

expression in eq S can be rewritten as follows
ut — |LOUt|2|Lm|2A(}(* ®Z)(ein* ® ein) (6)

Macroscopic Uniaxial Assemblies. In the limit of relatively
weak intermolecular electronic interactions and assuming
intermolecular distances much smaller than the wavelength
of light, the total electric susceptibility for a bulk material is
given by coherent summation of the collective polarizability
contributions of each molecule, in turn described by the matrix
a. For identical molecules differing only in their orientation,
this coherent summation corresponds to the following
orientational average.

~ Ny
I = Z (RIzR],Woo
€o
ij

(7)

In eq 7, R refers to a coordinate transformation matrix
connecting the molecular frame (indicated by lowercase prime
indices) to the interfacial frame of the thin-film assembly
(indicated by uppercase Cartesian coordinates) and @’ refers
to the ij element of the molecular polarizability matrix a. For
coherent optical interactions based on direct detection of the
optical field (including purely polarized polarization states
measured using Jones vectors), the orientational averages are
performed over just the two indices given in eq 7. Coherent
interactions throughout the medium also result in a quadratic
scaling with number density Ny, from the squared modulus of
eq 7.

The orientational averaging results in notable differences for
summation over the intensities for incoherent interactions
rather than coherent interactions from a single isolated
domain. By analogy with second-harmonic generation,
coherent SHG results from averaging over a set of three
rotation matrices for describing the observables, while the
incoherent analog of hyper-Rayleigh scattering is described by
orientational averages evaluated over combinations of six
rotation matrices.””~'* In the case of observables derived from
incoherent addition of the intensities as can arise from
measurements of a locally heterogeneous surface assembly, the
orientational averages are analogously evaluated over the
products of y* ® y in eq 6, the individual elements of which
are given below.

)

ij,k,1=x,y,2

(&]<RIiRIiRI<kRL1>(aij*a"l)
€o (8)

In eq 8, Ny is the bulk number density and ¢ is the vacuum
permittivity. Incoherent summations can arise from integrating
over signals produced by assemblies of structures spaced
distances significantly greater than the wavelength of light (e.g,,
in microscopy measurements) or from dynamic fluctuations in
position. Incoherent summation results in a linear scaling with
number density instead of a quadratic and an orientational
average evaluated over products of four rotation matrices for
optical transmission rather than just two.

For molecular solids and liquids, the susceptibility of the
material can be initially approximated by summation over the
molecular polarizability. The polarizability matrix describing
the linear optical properties of a single molecule is given from
perturbation theory as sum-over-states.'®
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g~ 1
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()

The expression above for a single molecule can also be used to
describe molecular assemblies, including crystals and thin films.

The orientational averages described in eq 8 above naturally
account for the symmetry properties expected within isotropic
and uniaxial assemblies. In macroscopically isotropic systems,
the following set of unique, nonzero tensor products are
allowed by symmetry: y™* yH, /% I 2% 3 and U 3L For a
symmetric molecular polarizability matrix consistent with
absorption and transmission, the last two products become
equivalent, leading to a maximum of three unique polarization-
dependent observables accessible in isotropic assemblies. The
introduction of chirality within the molecular frame does not
change the set of allowed combinations described above within
the electric dipole approximation for light.

For uniaxial achiral assemblies (Do, Dgj and Ce,
symmetries), the number of unique polarizability combinations
increases to 11, 10 of which are independent; f;, = y" " =

D I =
it Skl | LA LT B
i, i 1 S i g e Bt
7 = R XY X XIS Relaxing the
symmetry to C,, yields an additional 10 new unique chiral-
specific polarizability combinations allowed within the electric
dipole approximation, 9 of which are independent; f,, = )(XX)(XY

= Y‘y)( *)(YX; fu ; *)(XX ; _YXYX*)(YY; fis = *& Z:
X" Z:f%;;z=)(Z >?((ZXY=Z—)(Z *x ;.§43=%(XY*)(Z j—)g( v
s = * = )(*}(X:fw:}fz*)fz = =X feo =

X YZ*)(Z 5 f 9% = =
0 gt Lk e B 0tk ) e
chiral-specific elements were first reported for four-wave
mixing by Davis et al.'> and were subsequently used to
describe the origins of high-sensitivity chiral- spec1ﬁc fluo-
rescence arising in uniaxial interfacial assemblies."’

The CD response can be connected back to these symmetry-
allowed chiral-specific susceptibility products summarized in
the Supporting Information by considering the Stokes vectors
produced for right versus left circularly polarized incident light.
For normal incidence, only the (X,Y) fields and corresponding
elements of y need to be considered explicitly. The Kronecker
product (e™* ® e™) is given by the following expression, for

1 .
eR/L = f[l, il]

k=

(eiII{]/L ® eiII{l/L) =

N | =

(10)

Substitution into eq 6 in combination with the symmetry
relations for uniaxial systems yields the following expression for
the Stokes vector.

*

(11)
Explicit evaluation yields the following expression

https://doi.org/10.1021/acs.jpcb.3c03104
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20011 0
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™ )( +1XY*)(YY)ii(xXX
a2
™ XX+;( ) iGN
2
G 7™+ ) 2 i
YY* vx
- x) (12)

In eq 12, positive and negative signs indicate right and left
circular polarizations, respectively. Simplification using the
equalities between elements summarized in Table SII for
macroscopically uniaxial assemblies yields the following
expression for the Stokes vector.

XX g ) 3 2N
0
0

+( (13)

The CD response is connected to this expression through the
following relation

out __
S

YY YX*_ vx LoYx* o Xx
- x) =2 x

CD=A, — A logl 0 (R)
= — = —lo
R L g s;ut(L)
_ _log[ G ) - ™
G+ 7750 + 2™ (14)

Using the approximation —log(1 + x) & —x for x < 1 and
assuming that the chiral-specific response is relatively small, the
CD in eq 14 can be rewritten as the following

_ 2m™ )
U{XXlz + U{YXlz

—2i ™

CD
U{Xxlz + |ZYX|2

(15)

If one assumes a symmetric polarizability matrix consistent
with a parametric process, the interchangeability of indices at
the molecular level in @ translates to an analogous
interchangeability of indices within each y. This interchange-
ability simplifies the chiral-specific terms allowed within the
electric dipole approximation for light to a single unique
nonzero termy; fi,* = fis* = fu = fo (XU =
7% = %) With the additional symmetry constraint
fs1 = =(fus + fu + fis) = —(fis + fo1 + fis), simplification yields
fs1 = —fis- The two combined relations f,s* = f;; and f15 = —fs
suggest that only the imaginary contribution to f;; = y" /X
describing optical transmission satisfies both equalities
following orientational averaging and can, therefore, contribute
to the chiral-specific CD response within the electric dipole
approximation for light. Since the product y"**y** must be
purely imaginary by symmetry within the electric dipole
approximation, the Im indication in eq 15 is formally
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superfluous but is included to aid in clarity in indicating a
purely real-valued CD response.

Simplification of Electric-Dipole-Allowed CD for
Planar Chromophores. The implications of eq 15 are
worth explicitly evaluating in the limit of planar chromophores.
Conjugation within organic chromophores strongly favors
planar structures, such that the overwhelming majority of
organic chromophores correspond to locally planar-conjugated
structures. Furthermore, planar structures represent a minimal
model; planar-conjugated ring systems explicitly contain a
mirror-plane symmetry and are therefore nominally achiral but
can nevertheless contribute to electric-dipole-allowed chirop-
tical effects in oriented assemblies. Applying the principle of
Occam’s razer, the assumption of planarity within the
chromophore minimizes the required parameter space.
Building on expressions derived previously for four-wave
mixing spectroscopy for different molecular symmetries,'’
symmetry within the different molecular building blocks can
greatly reduce the number of unique nonzero elements within
the local tensor products. In the case of absorbance, the
transition moment is defined by a vector, effectively reducing
the resonance-enhanced contribution to the polarizability to a
single internal dimension. For electronic spectroscopy of
conjugated ring systems, it is often reasonable to assume that
the low-energy electronic molecular polarizability is dominated
by interactions within the plane of the chromophore, reducing
the nonresonant polarizability to approximately two dimen-
sions. If a coordinate system is selected for the molecular frame
based on the principal moments of the nonresonant polar-
izability, only the two diagonal elements will be nonzero for a
symmetric nonresonant polarizability matrix. This selection of
local frame coordinates based on the nonresonant polar-
izability has the distinct advantage of varying slowly with
wavelength, such that resonant features can be interpreted
relative to this quasi-static internal reference frame. If the plane
of the chromophore is defined as the (x,2z") plane with the y'-
axis orthogonal to the chromophore plane, only o3z’ and oy’
remain within the nonresonant tensor.

z'7
g € {aNR » ONR

(16)

Assuming the transition moment lies within the same
chromophore plane, the two principal nonresonant tensor
elements in eq 16 are complemented by three unique resonant
polarizability matrix elements, defined by the angle 6 between
the fixed principal nonresonant z’-axis and the wavelength-
dependent resonant transition moment.

x'x'

ay ¥ =S, (@), sin® 5

o , -
ap ey ” r - =S (@)l I" sin & cos &

z'z
R

S, (@), * cos® & (17)
In eq 17, S,(w) describes the complex-valued lineshape
function associated with resonance enhancement with state n.
For Lorentzian lineshapes, S,(w) = (hw, — hw — iAl,)™"
from the first term eq 9, in which @, is the resonant frequency
of the transition from the ground state to state n, @ is the
incident frequency, and I', is a damping constant describing
the dissipative spectral peak shape. The squared magnitude of
the transition moment in eq 17 arises from eq 9, bearing in
mind that py,* = p,. The total polarizability within the
molecular frame is given locally by the coherent summation of

https://doi.org/10.1021/acs.jpcb.3c03104
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Lo

Figure 1. Structure of (S)-naproxen in the local (molecular) coordinate frame (A) and in the reference frame of the crystal (B), with the twofold
screw axis oriented along the b crystallographic coordinate. Transformation between the two frames corresponds to a tilt angle of # = 81° and twist
y = 155°. Dynamic dipole transition moment orientations are shown for the two transitions dominating the predicted CD response, corresponding
to the first (red) and third (blue) excited state transitions. Nonzero polar order in 6 coupled with asymmetry in the distribution in twist angles y
combine to enable electric-dipole-allowed chiral-specific CD spectroscopy through a geometric orientational mechanism depicted in panel (C) for

uniaxial assemblies.

the resonant and nonresonant contributions. For different
assumed lineshape functions (e.g, Gaussian or Voigt), the
complex components do not adopt similarly concise forms but
exhibit similar trends, all of which are constrained by causality
to adhere to Kramers—Kronig relations.'®

Simplification for a Pair of Uncoupled Oscillators.
The expression in eq 8 simplifies considerably if the molecular
transitions are dominated by just two closely spaced
resonances to states n and m, which is a limiting case also
considered previously by Salij et al.’ In this limit, resonance
with one of the two transitions generally includes overlapping
nonresonant contributions from the other, and vice versa. If
the z’-axis is defined coparallel with the transition moment for
state m, @™ becomes negligible and the nonresonant
component of @*’*' results in the following form for CD for
Lorentzian lineshapes for resonance enhancement with state n
for nonresonant polarizability dominated by a single energeti-
cally adjacent electronic transition with a resonance frequency
of w,,

CD, oc;(YX*)(XX
Nb lﬂnolzlﬂmo |2 Fﬂ
= X
2he, (w, — @) + T
(w, — o) 3
i X [(sin” @ sin ) sin § cos &
(@, — @) + T, < v

+ (sin® 6 cos O sin y cos i) sin® §]
(18)
As one might expect, the roles of the two transitions invert
upon consideration of resonance enhancement to state m.

CD,, x ){YX*;(XX

Nb |ﬂnolzlﬂmo |2 Fm
B 2he, (w, — w)* + T
(0, — @ 3
— 1 - X [{sin” @ sin y) sin & cos &
(0, —@)* + T, < d

+ (sin® @ cos O sin y cos y) sin® 5]

(19)
Importantly, the sign must invert for the two CD responses
due to the frequency difference in the numerator [(w, — )
versus (w,, — w)]. If the transition to state m lies higher in
energy than to state n, CD, will have a positive difference in
the numerator when resonant with state n and a negative
difference when resonant with state m and vice versa.
Consequently, a pair of isolated transitions will produce a
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doublet in the CD spectrum. Unlike isotropic CD spectros-
copy arising from magnetic dipoles produced from coupled
oscillators, the electric dipole responses described above do
not require energetic coupling between the two oscillators; the
two transitions can appear in relatively remote and uncoupled
regions within the molecular/macromolecular frame, as long as
the plane defined by the two vectors exhibits net asymmetry in
the distribution of the chromophore twist angle upon
orientational averaging. Rotation of the substrate 180° about
either the X- or Y-axes to invert the sample orientation relative
to the optical axis inverts both of the two orientational averages
given in eq 19 through 180° rotation in both 6 and y. These
predictions of the general framework are in excellent
agreement with the predictions of Salij et al. in the limiting
case of just two transitions contributing to the chiral-specific
response.

B RESULTS AND DISCUSSION

Prior to considering orientation effects at interfaces, baseline
ultraviolet—visible (UV—vis) absorbance spectroscopy was
performed for isotropic solutions of (S)-naproxen and
compared with ab initio calculations. Relative internal
orientations for the dominant low-lying transitions are
indicated together with the molecular structure in Figure 1A.
Isotropic averaging yields predicted isotropic spectra shown in
Figure 2, together with experimental measurements for
comparison. In brief, the quantum chemical calculations
perform quite well in recovering the predicted linear
absorption spectrum of solvated naproxen solutions. Specifi-
cally, both the excitation energies and the relative oscillator
strengths of the major electronic absorption band around

1
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Figure 2. Comparison between the predicted isotropic absorbance
spectrum of naproxen and the experimentally measured spectrum.
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~230 nm and minor features around ~280 nm are in
qualitatively good agreement with the experimental observa-
tions. The vibrational fine structure observed in the red-shifted
transition is not reproduced in the electronic spectroscopy
calculations, as the TD-DFT calculations operate within the
constraints of the Born—Oppenheimer approximation. How-
ever, the major features and relative energies were nevertheless
consistent with experimental trends.

Significant incoherent contributions to absorbance spectros-
copy measurements require samples exhibiting local order
extending over distances exceeding the optical wavelength. To
assess the persistence length of orientational order, homochiral
microcrystals of (S)-naproxen were prepared by drop-coating
from a suspension in toluene. Brightfield images of the
microcrystal presentation are shown in Figure 3. A spatial

%107

B. 15!

Image Autocorrelogram

Exponential Fit

Intensity (a.u.)

/ Xp = 220pm

0.02

0.04 0.06
Spatial Frequency (/zm'] )

0.08

Figure 3. Optical micrograph (A) and spatial autocorrelogram (B) of
drop-coated microcrystalline naproxen thin films, yielding a
persistence length of order of x, = 220 pm. Similar results were
observed for persistence lengths evaluated just in the vertical and
horizontal directions.

power spectrum of the brightfield image suggests characteristic
feature sizes from a few pm out to ~400 pm. This length scale
is substantially larger than the wavelength of light, suggesting a
unique polarization and phase retardance from each individual
microcrystal to produce a summation of transmitted intensities
with substantial depolarization/incoherence. However, the
characteristic feature size is nevertheless much smaller than
the probe area of the spectrometer (~1 cm?®), suggesting
integration over a statistically uniform population of particle
azimuthal orientations. These combined conditions are in
excellent agreement with the macroscopic sample requirements
of the theoretical framework for incoherent summation over a
net uniaxial macroscopic distribution.

Notably, the ab initio calculations with no adjustable
parameters correctly recover both the relative signs and
amplitudes of the major spectral features in the CD
measurements of naproxen microcrystalline thin films, as well
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as the sign inversion upon substrate reorientation. Figure 4
contains ab initio calculations and experimental measurements
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Figure 4. Predicted CD spectrum of a (S)-naproxen thin film upon
sample flipping (A), the experimentally measured spectra of (S)-
naproxen in normal and flipped orientations (B), and the CD
spectrum of the crystalline suspension (C).

of the CD response expected for homochiral naproxen
microcrystals. Calculations shown in Figure 4A were based
on the known molecular structure of (S)-naproxen based on
the X-ray structure and the naproxen orientation within the
crystalline lattice. The P2, twofold screw axis symmetry of the
lattice effectively results in rotational optical symmetry about
the crystallographic b-axis. Predictions are shown for a
crystallographic b-axis preferentially oriented either coparallel
or antiparallel with the spectrometer optical axis. The results of
the calculations are in excellent agreement with experimental
measurements for interfacial assemblies of (S)-naproxen
microcrystals oriented at a hydrophilic fused silica interface,
as shown in Figure 4B. Assemblies prepared with (R)-naproxen
produced films exhibiting similar trends but inverted in sign.
Similar CD spectra in sign and peak locations were obtained
from multiple fields of view within a given sample and across
multiple independently prepared samples with different
persistence lengths of order x,. The long-wavelength portion
of the spectrum is dominated by a doublet, consisting of a
broad band with a vibronic progression extending from 260 to
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340 nm and a nominally sign-inverted feature centered at 230
nm. The electronic absorption spectrum of naproxen is well
established to exhibit clear vibronic progressions,”” resulting in
periodic series of peaks for each electronic transition. The
presence of two low-lying and spectrally overlapping electronic
transitions in the absorption spectrum of naproxen is
consistent with prior calculations™* and experiments™ for
naphthalene and related derivatives. Notably, these red-shifted
spectral features from 260 to 340 nm contribute negligibly to
the CD response acquired in both solutions and microcrystal-
line suspensions, as shown in Figure 4C. A strong feature at
235 nm dominating the isotropic CD response is both
predicted and observed to generate CD response approx-
imately equal in magnitude and opposite in sign to the red-
shifted peak in the oriented microcrystalline thin films. As the
quantum chemical calculations were all performed within the
Born—Oppenheimer approximation, they did not capture the
vibronic progression of peaks red-shifted from the electronic
origins. However, the signs, magnitudes, and energies of the
assigned pure electronic transitions agreed remarkably well
with experimental observations.

Inspection of the electronic structure calculations further
supports the proposed chiral-specific origin of the observed
CD spectroscopy for oriented naproxen microcrystals. The
lowest lying electronic transition calculated to be centered
around ~290 nm is dominated by the highest occupied
molecular orbital (HOMO) — lowest unoccupied molecular
orbital (LUMO). For this transition, both molecular orbitals
are highly localized to the nominally planar naphthalene ring
with negligible orbital density on the chiral carbon or
carboxylic acid group (see the Supporting Information).
These calculations are consistent with minimal CD activity
observed in isotropic solutions and microcrystalline suspen-
sions for this low-lying electronic state. In contrast, the higher
energy feature centered at ~225 nm in the ab initio
calculations is dominated by the HOMO — LUMO + 3
orbitals, which is dominated by a charge-transfer transition
shifting electron density from the ring system across the chiral
center to the carboxylic acid group.

Despite the absence of isotropic chirality within the
nominally planar HOMO—LUMO transition, the proposed
orientational mechanism does not require intrinsic chirality
within the chromophore itself to generate large dissymmetry
parameters in absorbance CD. In the limit of a two-state
system described in eqs 18 and 19, electric-dipole-allowed CD
can arise from a pair of transitions defining the chromophore
plane if they satisfy three conditions: (i) the two transition
moments are not coparallel, and (ii) the molecular orientation
distribution exhibits net polar order, and (iii) the plane defined
by the two transition moments exhibits asymmetry in the twist
angle w. The transition moments for the two electronic
transitions dominating the accessible UV—vis spectrum are
depicted by the red and blue vectors in Figure 1A and produce
a calculated internal angle from eq 18 of 6 = 118°, satisfying
the first requirement. Assuming a crystal orientation with the
polar twofold screw axis coparallel or antiparallel to the surface,
the second requirement is also satisfied. In this crystal
orientation, the twist angle connecting the molecular frame
to the laboratory frame is y = 155° satisfying the third
requirement. Consequently, no chirality is required in the
internal plane defined by the two vectors y;, and u; for the
prediction of nonzero CD, provided chiral-specific interactions
driving the molecular orientation within the lattice produce net
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polar order and a net asymmetry in the twist angle of that same
internal plane relative to the interface normal.

Comparison of CD spectroscopy of intact microcrystals in
suspension and for the drop-coated samples highlights the
significance of orientational order in the macroscopic spectral
observables. Optical transmission measurements performed on
naproxen microcrystals suspended in hexanes are expected to
produce comparable optical decoherence on a per-particle
basis as those same microcrystals following deposition onto a
hydrophilic substrate. Nevertheless, the orientational averaging
for an isotropic suspension is predicted to produce zero-valued
CD activity within the electric dipole approximation according
to eqs 18 and 19. In this limit, only the much weaker isotropic
chirality remains. Consistent with this prediction, the CD
activity of the isotropic suspension is nearly identical to that
observed for naproxen solutions (S2), dominated by the blue-
shifted features closely associated with electronic resonances
around 23S nm spanning the chiral center.

The ab initio calculations were performed assuming a
specific crystallographic orientational preference at the inter-
face, which has the potential to bias the calculations if different
orientation distributions are adopted experimentally. Drop-
coating is generally expected to favor crystal orientations with
more hydrophilic exposed crystal faces oriented toward the
substrate interface. The role of crystal orientation was explored
by repeating the simulations for several different assumed
crystal orientations. Qualitatively, similar results were obtained
for crystal orientations for b-axis tilt angles of 0° < 6 < ~45°
(irrespective of the crystal twist angle y). Crystal orientations
with @ = 90° resulted in the loss of all electric-dipole-allowed
CD activity. This result is entirely expected given the twofold
screw axis symmetry of the crystal; orientation of the crystal
axis at 90° produces films unchanged by sample reorientation
upon flipping of the substrate. As such, the measured CD
response is likely dominated by the subset of crystals exhibiting
preferential polar orientation of the crystallographic b-axis.

The absolute sign of the measured CD response for a given
orientation of the substrate in the instrument should depend
on crystal orientation at the interface. Given the prominent
role of the primitive (010) and (010) planes in CD
spectroscopy of naproxen crystals by nature of the P2, crystal
symmetry, it is worthwhile considering the relative interfacial
free energies of the two opposing crystal faces and the possible
driving forces responsible for possible preferred crystallo-
graphic orientation. Notably, the carboxylic acid functional
group preferentially orients antiparallel with the crystallo-
graphic b-axis depicted in Figure 1B, corresponding to the
twofold screw axis. Screw dislocation about the b-axis preserves
an antiparallel orientation of the carboxylic acid group.
Assuming the carboxylic acid-terminated (010) plane is likely
to be significantly more hydrophilic than the opposing methyl-
terminated (010) primitive lattice planes, it is correspondingly
reasonable to expect crystallographic orientations with the
(010) plane preferentially oriented toward the glass substrate,
and the (010) plane oriented toward toluene/air. The result of
this assumed orientation shown in Figure 1 correctly recovers
the absolute sign of the experimentally measured CD response
from the ab initio calculations, again with no adjustable
parameters. Despite the admitted oversimplifications used in
the quantum chemical calculations, the general agreement
between the predicted and measured CD spectra was quite
striking, given that all calculations were performed exclusively
within the electric dipole approximation for light. As such, it is
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reasonable to conclude that the proposed minimal model
nevertheless effectively captures the key major driving
interactions underpinning the molecular/macromolecular
origins of nonreciprocal CD.

The theoretical framework presented herein derived from
the extension of coherent four-wave mixing formalism to
incoherent two-wave mixing is in good qualitative agreement
with the predictions of the prior model by Salij et al.° Both
models require an interplay between complex-valued compo-
nents in the polarizability, as illustrated by consideration of
internal planes defined by transition moment pairs in two-state
systems. In this two-state limit, electric-dipole-allowed non-
reciprocal CD can arise from planar chromophores exhibiting a
right-handed or left-handed rotation between the blue- and
red-shifted transitions projected onto the surface plane. The
model herein specifically considers the molecular orientation
distribution driving that projected shift based on a formal
assumption of macroscopic C-symmetry, connecting the CD
back to supramolecular chiral arrangement of nominally achiral
chromophores. However, the general features of the present
and prior considerations are in remarkably good agreement.

The mathematical relations describing CD spectroscopy of
ordered assemblies reveal important symmetry relations. First,
observation of nonreciprocal CD within uniaxial assemblies
requires sample chirality. Increasing symmetry from C, to
Cow Doy or D, through the addition of mirror-plane
symmetry operations results in the removal of the tensor
products responsible for observation of nonreciprocal CD
within the electric dipole approximation. Second, the
theoretical CD dissymmetry parameters from the incoherent
transmission can approach unity, as they are fully electric-
dipole-allowed in uniaxial assemblies. Third, nonreciprocal CD
from the incoherent component of the optical transmission is
interface-specific, disappearing by symmetry in systems lacking
polar order. Finally, chirality is not required within the
nominally planar chromophores driving the CD response,
provided the chromophore planes adopt supramolecular
arrangements with both chiral asymmetry in the twist angle
of the chromophore planes and net polar order. These
collective symmetry-dependent results suggest potentially
interesting applications of CD for chiral-specific and inter-
face-specific spectroscopy of uniaxially ordered assemblies.

The attribution of this work to large chiral-specific effects
from nominally planar chromophores through orientational
ordering is in excellent agreement with prior observations of
chiral-specific spectroscopic observables. Kahr and co-workers
elegantly summarize chiroptical spectroscopy of planar
molecular assemblies through anisotropic crystal orientation.*®
In second-harmonic and sum-frequency spectroscopies,
orientational contributions of nominally planar chromophores
to chiral-specific surface spectroscopy are well established both
theoretically”’ and experimentally.”**° In a noteworthy
example, chiral orientation was used to interpret vibrational
chiroptical sum-frequency spectroscopy of planar water
molecules oriented by biomolecular interactions.”””’

The applicability of this four-wave mixing mathematical
framework for predicting and describing large chiroptical
effects in absorption spectroscopy suggests a possible further
extension to polarization-dependent microscopy measure-
ments. Samples amenable to optical imaging as a rule contain
features with persistence lengths greater than the optical
wavelength to produce optical contrast. In such instances,
observations of localized CD from uniaxial assemblies may
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potentially arise from LD—LB interactions that are interpret-
able within the context of the proposed orientational model.
Indicators for local CD arising from LD—LB coupling would
include (i) CD activities potentially much larger than observed
for isotropic measurements of similar molecular building
blocks and (ii) sign inversion for different domains with the
same intrinsic chirality but differing polar order.

Interestingly, observations consistent with both indicators
above have recently been reported in vibrational circular
dichroism (VCD) imaging measurements by Phal, Yeh, and
Bhargava.‘?’2 In that work, Phal et al. reported ~1000-fold
enhancements in the dissymmetry parameters (AA = A} — Ay
&~ +2%) in VCD microscopy measurements of dehydrated
colon tissue sections relative to analogous measurements made
on disordered thin protein films. In addition, the absolute signs
of the VCD ratios inverted within different domains (e.g,
within healthy versus tumorous tissues). These sign disparities
were tentatively attributed to differences in a-helical versus f-
sheet content within the different tissue domains.>> However,
the 1000-fold increase in AA and sign inversion within
different spatial regions suggest the potential for electric-
dipole-allowed orientational contributions supplementing or
superseding the relatively weak magnetic dipole contributions
that dominate disordered assemblies. If the VCD observables
from such samples are found to be driven by chiral-specific
LD—LB effects, the mathematical framework presented herein
can potentially aid in bridging those polarization-dependent
microscopic measurements back to the molecular structure and
orientation in the local frame of the sample. This specific
example is representative of what we hope to be a general tool,
in which the proposed conceptual framework provides a
relatively simple molecular understanding of polarization-
dependent spectroscopy and microscopy measurements of
microscopically structured chiral assemblies.
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