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ABSTRACT: Absorption and emission spectra of free and encapsu-
lated stilbene in two different capsules were calculated using the DFT
and the TDDFT methodology at the B3LYP, CAM-B3LYP, M06-2X,
PBEO, and wB97X-D/6-31G(d,p) levels of theory. The present work is
directed toward the theoretical interpretation of recent experimental
results on control of stilbene conformation and fluorescence in capsules

G &

Stilbene ground and excited ﬁlﬂtt.\

[Ams, M. R;; et al. Beilstein J. Org. Chem. 2009, S, 79]. The results of the

calculations are in agreement with experiment and show that fluorescence of trans-stilbene persists in the large cage while it is
quenched in the small one. It is found that the geometry of trans-stilbene in the ground as well as in the first excited singlet state
is unaffected by encapsulation in the large cage, and consequently the absorption and emission spectra are similarly unaffected.
In the small cage, the ground state of encapsulated trans-stilbene is distorted, with the two phenyl groups twisted, while the
geometry of the excited state, after relaxation, lies at the conical intersection with the ground state. Consequently, there is no
emission similar to that of free trans-stilbene, and the state decays nonradiatively to the ground state.

1. INTRODUCTION

Over the past 65 years, photoisomerization of stilbene (1,2-
diphenylethylene) and its derivatives has been studied because
of their 1mportant role in many areas of chemistry,'™® in
photophys1cs, %7 and in material science.® Moreover, as shown
by the number of recent publications, there is continuing
interest in this topic.” >® Stilbene has been regarded as a model
system for photochemical dynamics with regard to trans—cis
isomerization (see Scheme 1 and Figure 1), and it is generally

Scheme 1. Schematic Representation of the Isomerization
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accepted that upon photoexcitation from S, to S,, stilbene
rapidly decays to S;, where both the trans and the cis isomers
decay to S, via a conical intersection*'*** (cf. Scheme 1).
trans-Stilbene in the ground and first two singlet excited
states has been investigated the most thoroughly. The planarity
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of free trans-stilbene is an issue that has been a source of some
controversy both theoretically (via ab initio methods) and
experimentally, because the two phenyl groups can rotate with
a very low energy cost. The minimum energy structures,
vibrational motions, and dynamics mainly of S, and the two
lowest singlet excited states S, and S,, and in some cases of a
few additional singlet and triplet excited states, have been
investigated both experlmenta]ly via crystallographic and a variety
of spectroscopic techniques’ '® and theoretically.'*™>® A great
variety of theoretical methods have been employed for cal-
culations on stilbene including semiempirical,">'” CASSCF,"*~*!
CASPT2,"® MP2,>** CIS,'S MMVB,” CCSD(T),”®> DFT and
TDDET (B3LYP), 168193126 TDDFT(PBEO),“ 24 spin- flip
DFT,” and semiclassical electron-radiation-ion dynamics.*®

It is well known that trans-stilbene gives weak fluorescence in
solution and inside loosely fitting capsules,”” while intense blue
fluorescence has been observed from stilbene in a complex with
an antibody.>® Fluorescence of trans-stilbene inside a tight-fitting
capsule is greatly reduced, to only 2% of the fluorescence in bulk
solution,” which is an unexpected result in view of the antibody
studies, and it has been attributed to a distortion of the ground
state conformation in the tight-fitting capsule. The reversible
encapsulation of molecules provides a means of temporarily
isolating molecules in the solution phase but removed from
bulk solvent.>"** It can lead to the control of their geometric
photochemical isomerization and photoreactions,”>™>° or
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Figure 1. Optimized structures for trans-stilbene, cis-stilbene, and the transition state for isomerization of the stilbene.
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Figure 2. Structures of the cavitand 1 and glycoluril 2 components and structures of the cages 1.1 and 1.2,.1. H atoms = white spheres, C = gray

spheres, O = red spheres, and N = blue spheres.

through photoisomerization the reversible encapsulation can be
controlled, i.e., switch between different capsule assemblies.>®
The encapsulation of trans-stilbene involved self-assembled
complexes 1.1 and 1.2,.1, shown in Figure 2, formed by two
cavitands 1 and in addition four glycoluril molecules 2,
respectively.

In the present work, the encapsulation of trans-stilbene in the
self-assembled complexes 1.1 and 1.2,.1 is studied theoretically
using density functional theory (DFT) and the time-dependent
DFT (TD-DFT) methodology. For the 1.2,.1 capsule we
calculated two isomers, a and b (see Figure 2). The objective of
the present study was to calculate the fluorescence spectra of
trans-stilbene, free as well as encapsulated in the 1.1 and 1.2,.1
capsules, and thus to determine how the possible distortion of
the ground-state geometry in the 1.1 capsule leads to the
observed fluorescence quenching.*®

2. COMPUTATIONAL DETAILS

The encapsulation and the absorption and emission spectra of trans-
stilbene in 1.1 and 1.24.1 capsules were studied as mentioned above
using the DFT and the TDDFT methodology. The DFT and TDDFT
calculations were carried out using different functionals for
comparison, namely B3LYP,** CAM-B3LYP,*® Mo06-2X,* PBEO,"
and wB97X-D,* in conjunction with the 6-31G(d,p)** basis sets.
B3LYP is a widely used functional and generally works well for main-
group chemistry. The CAM-B3LYP functional has been developed
to correct for the long-range behavior.®* M06-2X is a functional
recommended for applications involving main-group elements,
kinetics, noncovalent interactions, and electronic excitation energies
to valence and Rydberg states.** The PBEO (or PBE1PBE) functional
is obtained combining the PBE generalized gradient functional with a
predefined amount of exact exchange. It uses 25% exchange and 75%
correlation weighting. The way in which the functional is derived and
the lack of empirical parameters fitted to specific properties make the
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PBEO model a widely applicable method.*' The @B97X-D functional
includes 100% long-range exact exchange, a small fraction of short-
range exact exchange, a modified B97 exchange density functional for
short-range interaction, and empirical dispersion corrections.” In
conjunction with the above functionals, the 6-31G(d,p) basis set is
employed, which is considered to be a good compromise for adequate
accuracy since the number of atoms (up to 300 atoms) in the
encapsulated complexes is too big for larger basis sets. Moreover,
previous study on encapsulation of molecules® in cages shows that
the 6-31G(d,p) basis set in conjunction with the M06-2X functional
presents good results.

The computational strategy followed involved (i) geometry
optimization of free trans-stilbene, the encapsulated forms (in 1.1
and 1.2,.1 of Figure 2), and the free capsules and (ii) TDDFT
determination of the absorption and emission spectra of free and
encapsulated trans-stilbene. In addition, geometry optimization has
been carried out, as well as the absorption and emission spectra of free
and encapsulated (in 1.1) cis-stilbene. In greater detail,

(i) DFT geometry optimization calculations were performed on the
ground electronic state of free trans-stilbene, cis-stilbene, and the transi-
tion state (cf. Figure 1) using the different functionals (see above).
Geometry optimization of the encapsulation complexes was carried out
using the ONIOM™ method, where the systems were defined as two
regions (layers) with the high layer, which is the stilbene, calculated at
the B3LYP, CAM-B3LYP, M06-2X, PBEO, and wB97X-D/6-31G(d,p)
levels and the low layer, which is the capsule, calculated at the PM6
level of theory. Finally, DFT geometry optimization calculations for
the full encapsulation complexes (without the OMIOM procedure)
were carried out at the B3LYP, CAM-B3LYP, M06-2X, and PBEO/
6-31G(d,p) levels of theory and single point calculations at the ®B97X-
D/6—31G(d,p)//M06-2X/6—3IG(d,p) level of theory. For all deter-
mined structures, basis set superposition error (BSSE) corrections have
been taken into account using the counterpoise procedure*’ since such
corrections are important for weak and medium-size interactions,46
which is the case for the structures calculated here.
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(i) Straightforward TDDFT calculations yield the absorption
spectrum of free stilbene, and with some more computational effort,
involving geometry optimization of the first singlet excited state, the
fluorescence spectrum is obtained. However, for the encapsulation
complexes, many excited states of the cage lie below the state relevant
to stilbene absorption, and consequently it was not possible to
determine it directly by TDDFT on the full complex. For example,
calculation of the absorption spectra of 60 singlet-spin excited
electronic states of the encapsulated complex 1.1 _trans-stilbene did
not yield any excited states of stilbene. This calculation was carried out
at the B3LYP/4-31G level of theory, because there were technical
difficulties with the use of the 6-31G(d,p) basis set. In view of the fact
that even 60 roots are not sufficient and the calculation of a larger
number of roots even at the B3LYP/4-31G level of theory presented
technical difficulties, the TDDFT calculations on the full complex were
not pursued any further. The absorption spectrum of encapsulated
trans-stilbene was obtained by carrying out TDDFT calculations on
free trans-stilbene but at its optimum geometry in the encapsulated
complexes. Second, the absorption spectra of the encapsulated
complexes were determined using the ONIOM methodology as
described above, where the DFT and TDDFT calculations involve
only the electronic states of trans-stilbene and not the capsule. It must
be noted that the ONIOM methodology is the only option for the
determination of the fluorescence spectra of the encapsulation
complexes, since optimization of the geometry of the excited state
within the cage is required. For the above calculations of the
absorption and emission spectra of free and encapsulated stilbene,

twenty to thirty singlet spin excited electronic states have been
calculated by TDDFT*’ calculations.

All calculations were performed using the Gaussian 09 program
package.*® The coordinates of all the optimum structures are included
in the Supporting Information (SI).

3. RESULTS AND DISCUSSION

3.1. Geometry. Geometry optimization on encapsulated
complex 1.1_t, of trans-stilbene (t) in the small cage (1.1), was
carried out employing all five functionals (see above). It should
be noted that only in the case of the B3LYP functional, two
nearly energetically equal isomers of the 1.1 cage, i.e. 1.1a and
1.1b, and similarly two nearly energetically equal isomers of
the 1.1_t species, ie. 1.1a_t and 1.1b_t, were calculated (see
Figures 2 and 3 and Figure 1S of the SI). In both cases, the
difference in geometry between the a and b isomers is that the
cage is slightly twisted in b (Figure 2), with a difference in
energy under 0.03 eV. With the remaining functionals, PBEQ,
MO06-2X, and wB97X-D, in case of the free cage (1.1), the
geometry optimization results in the 1.1a minimum only, while
for the encapsulated complex (1.1 _t), only the b isomer is
found as a stable structure; i.e, 1.1b and 1.1a_t are not found
as stable structures in the geometry optimizations. Finally,
calculations on the encapsulation of cis-stilbene resulted in the
1.1a_c complex (cf. Figure 3). It might be noted that even

1.2,

l.la_c

JAb_t

Figure 3. Optimized structures of encapsulated trans-stilbene (t) and cis-stilbene (c) in the capsules 1.1 and 1.2,.1 viewed from two or three
different angles, i.e, along the central axis of the capsule and end-on view. H atoms = white spheres, C = gray spheres, O = red spheres, and N = blue

spheres. The atoms of the capsule are designed with stick bonds for clarity.
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Table 1. Bond Lengths (in A), Bond Angles, and Dihedral Angles (in Deg) of trans-Stilbene, cis-Stilbene, and the Encapsulation
Complexes 1.1 t, 1.1 _c, and 1.2,.1 t in the Ground (S,) and First Excited (S,) States at Various Levels of Theory

trans-stilbene (S) trans-stilbene (S,) 1.1a t (Sy) 1.1b_t (Sp)
B3LYP PBEO M06-2X B3LYP PBEO M06-2X B3LYP B3LYP PBEO MO06-2X
C,—-C, 1.348 1.345 1.341 1.416 1413 1.418 1.348 1.348 1.346 1.344
C,—C; 1.466 1.461 1.469 1.415 1.410 1.407 1.467 1.467 1.464 1.472
C,—C, 1.466 1.461 1.469 1.41S 1.410 1.407 1.467 1.467 1.464 1.473
C,—H, 1.089 1.089 1.089 1.087 1.087 1.086 1.089 1.089 1.090 1.092
C,—H, 1.089 1.089 1.089 1.087 1.087 1.086 1.089 1.089 1.090 1.092
C,C,C, 1272 127.0 126.6 125.6 125.3 125.0 126.0 126.2 126.2 124.8
C,C,Cy 127.2 127.0 126.6 125.6 128.3 125.0 126.0 126.1 125.6 125.2
c,C,H, 114.1 114.2 114.4 116.2 116.3 116.5 115.1 115.0 115.0 118.7
C;CH, 114.1 1142 1144 116.2 116.3 116.5 115.1 115.0 115.2 115.7
C,C,C,Cs° 180.0 180.0 180.0 179.9 179.9 179.8 1769 1769 176.8 172.3
s 04 0. 04 02 02 03 435 419 413 493
1.2,.1a t (Sy) 1.2,.1b_t (S,) cis-stilbene (S,) 1.1a_c (Sy)
B3LYP PBEO MO06-2X B3LYP PBEO MO06-2X B3LYP PBEO Mo06-2X B3LYP
C,—-C, 1.349 1.346 1.342 1.349 1.346 1.342 1.349 1.346 1.341 1.350
C,—C; 1.467 1.462 1471 1.467 1.463 1.470 1.475 1.470 1.478 1.473
C,—-C, 1.467 1.463 1.472 1.467 1.463 1.470 1.475 1.470 1.478 1.471
C,—H, 1.088 1.089 1.091 1.087 1.088 1.089 1.090 1.090 1.089 1.086
C,—H, 1.088 1.089 1.093 1.087 1.088 1.089 1.090 1.090 1.089 1.089
C,C,C, 127.0 126.2 1249 127.0 126.8 126.0 131.2 130.3 128.3 131.7
C,C,Cy 127.0 1272 127.0 127.0 126.8 126.0 131.2 130.3 128.3 132.7
C,C,H, 114.3 114.7 115.3 114.1 114.2 114.3 113.4 113.9 114.7 113.5
C;CH, 114.3 114.2 113.7 114.0 114.2 114.3 113.4 113.9 114.7 112.9
C,C,C,Cy* 179.7 179.6 179.0 180.0 180.0 180.0 7.1 7.0 6.4 10.7
dph-phb 18.1 16.5 34 1.4 0.0 0.0 128.1 127.4 125.8 126.4
1.1b_t (S;) 1.2,.1a t (S)) 1.2,.1b_t (S;)
B3LYP PBEO® MO06-2X B3LYP® PBEO® MO06-2X° B3LYP* PBEO MO06-2X
C,—C, 1.443 1.435 1.436 1.417 1.414 1.419 1.417 1.414 1.419
C—C; 1421 1.419 1.426 1414 1.409 1.406 1.41S 1.410 1.407
C,—C, 1.418 1.41S8 1.423 1416 1411 1.407 1418 1.410 1.407
C,—H, 1.100 1.101 1.098 1.088 1.089 1.088 1.088 1.088 1.087
C,—H, 1.092 1.095 1.092 1.088 1.089 1.088 1.088 1.088 1.087
C,C,C, 126.1 125.6 125.4 125.1 124.8 1244 128.5 125.2 124.8
C,C,Cy 127.6 126.9 127.1 125.7 128.5 125.0 128.5 125.2 124.8
c,C,H, 115.4 115.7 115.2 116.6 116.8 117.0 116.1 116.2 116.5
C;CH, 113.5 114.0 113.5 115.8 115.9 116.2 116.1 116.2 116.5
C,C,C,Cy* 93.8 96.0 94.0 179.3 179.6 179.0 180.0 179.8 180.0
i’ 69.7 69.0 69.0 58 6.1 72 00 03 0.0

“Dihedral angle between the (C,,C,,C;) and (C,,C;,C;) planes. *Dihedral angle between the two phenyl groups, i.e, between the (C,C,Cy) and
(C5C4C¢) planes. “ONIOM(A/6-31G(d,p):PM6), A = B3LYP, PBEO, and M06-2X.

though an exhaustive search of the potential energy surface has
not been made, trial optimization of other possible structures
for the 1.1 and 1.1 t species resulted only in the above
minimum structures (cf. Figures 2 and 3).

Two isomers for the 1.2,.1 cage, i.e. 1.2,.1a and 1.2,.1b (see
Figure 2), which consists of two cavitands 1 and four glycoluril
molecules 2, were obtained by all functionals. These two
isomers differ in the relative position of the glycoluril molecules.
In the 1.2,.1a isomer each glycoluril molecule forms hydrogen
bonds with both cavitands and with its adjacent glycoluril
molecules. In contrast, in the 1.2,.1b isomer, two glycoluril
molecules form hydrogen bonds with both cavitands and with
their adjacent glycoluril molecules; the other two glycoluril
molecules form hydrogen bonds with only one cavitand and
with their two adjacent glycoluril molecules (cf. Figure 2).
The 1.2,.1b structure is more stable than the 1.2,.1a isomer by
0.1(0.4) eV at the M06-2X(PBEO or @B97X-D)/6-31G(d,p)
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level of theory (see Figure 2 and Table 2S of the SI). The
encapsulation of trans-stilbene in the 1.2,.1a and 1.2,.1b
cages also results in two minima, 1.24,.1a_t and 1.2,.1b_t, with
the second found to be the most stable by about 0.2 eV (see
Figure 3 and Table 2S of the SI). It might be noted that the
experimental work refers to the 1.2,.1a_t complex.”

The geometries of the calculated free and encapsulated
structures are given in Table 1 (B3LYP, PBEO, and M06-2X)
and in Table 5S of the SI (all five different functionals). In
general, similar geometries are obtained by employing the
different functionals (cf. Tables 1 and SS). In the free and
encapsulated trans-stilbene, the dihedral angle of twist
(C4C,C,Cy) is calculated to be very close to 180° in all cases
(see Table 1 and Table SS of the SI). In general the results
show that the geometry of encapsulated trans-stilbene in the
1.2,.1 cage (a or b isomer) is nearly the same as that of free
trans-stilbene, with only some small differences in the dihedral

dx.doi.org/10.1021/ja211164b | J. Am. Chem. Soc. 2012, 134, 4346—4354
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stilbene(S,) in 1.1

Figure 4. Minimum energy structure of stilbene in the 1.1 cage, in the first excited state of stilbene viewed from two different angles. This structure

corresponds to the S; global minimum at the conical intersection.

Table 2. BSSE Corrected Interaction Energies, AE” (eV), Using Different Functionals in Conjunction with the 6-31G(d,p)

Basis Set
Lla L.1b 12,12 1.2,1b Lla t LIb_t 12,1a t 1.2,1b_t
method AE, AE, AE, AE, AE, AE; AE, AE, AE, AE; AE, AE,
B3LYP 2.037 2.08 6.48 6.71 —021° 184b —0.20 1.88 —0.45 5.99 —0.48 6.21
PBEO 2.29 d 6.60 7.19 d d 0.11 2.48 0.24 691 0.02 7.18
MO06-2X 3.01 d 7.21 7.45 d d 1.01 4.04 0.97 8.10 1.02 8.28
wB97X-D¢ 2.90 d 7.95 8.45 d d 1.83 4.74 1.58 945 1.63 10.02

“AE,, energy of formation of the capsules; AE,, energy of formation of the encapsulation complexes with respect to free stilbene and the capsules;
AE;, energy of formation of the encapsulation complexes with respect to free stilbene and the capsule constituents. ®The CAM-B3LYP values are
AE, = 2.51 eV for the 1.1a and AE, = 0.08, AE; = 2.60 eV for the 1.1a_t. “@B97X-D/6-31G(d,p)//M06-2X/6-31G(d,p). “No stable structure

obtained.

angle between the two phenyl groups, which is 0.4(0.5)° in free
trans-stilbene, 3.4(16.5)° in the encapsulated one in the 1.2,.1a
cage, and 0(0)° in the encapsulated one in the 1.2,.1b cage at
the M06-2X(PBE0)/6-31G(d,p) levels of theory. As mentioned
in the Introduction, the two phenyl groups in free trans-stilbene
can rotate with a very low energy cost, and it is still a subject of
controversy whether the optimum structure is planar.

In the case of encapsulated trans-stilbene in the 1.1 cage,
there is a significant difference with the optimized geometry of
free trans-stilbene: the dihedral angle between the two phenyl
groups is calculated to be about 45°; i.e., it ranges between 41 to
49° with respect to different functionals (cf. Table 1). This can
be seen in the structures of Figure 3, and in particular the end-
on views, where the important difference between the larger and
smaller cage encapsulation of trans-stilbene is illustrated.
Conversely, when cis-stilbene is encapsulated in the small
cage, i.e, 1.1, it has the same geometry as free cis-stilbene (see
Table 1).

The optimized geometries of the S, state of free and
encapsulated trans-stilbene are also given in Table 1. As shown,
the geometry of encapsulated trans-stilbene in the large cage,
ie, 1.24.1a or b, at its first singlet excited state, S, is calculated
to be the same as in the S, state of free trans-stilbene, and it
corresponds to the local minimum at the trans geometry (see
Scheme 1), which is calculated here to lie about 0.6 eV above
the minimum at the conical intersection. In contrast, geometry
optimization of the first excited singlet electronic state of the
1.1 _t encapsulation complex does not result in the local
minimum of the excited free trans-stilbene but in the global
minimum which is at the conical intersection with the ground
state (see Figure 4 and Scheme 1). The angle of twist in the
excited-state geometry is about 95°, and the dihedral angle
between the phenyl groups is about 69° (cf. Table 1). This was
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Figure S. Absorption spectrum of the 1.1a_t complex (first 60 roots)
at the B3LYP/4-31G(d,p) level of theory.

obtained with all functionals employed. The reason for this is
that in the case of the small cage the starting geometry for
absorption corresponds to a different location at the excited-
state surface from that of free trans-stilbene as the starting point
of the geometry optimization. In this manner, the excited state
of encapsulated stilbene in 1.1_t does not emit, but it can decay
nonradiatively through the conical intersection to the ground
state, thus explaining the observed fluorescence quenching of
trans-stilbene encapsulated in the small cage.”

Finally, it might be noted that the optimized geometry of the
encapsulated stilbene via the ONIOM method, which is
computationally faster by a factor of about 30, is nearly the
same with the full DFT calculation (see Table SS of the SI).

3.2. Energetics. The interaction energies (AE) of the
calculated isomers are given in Table 2. As shown, use of the
different functionals results in significant differences in some
cases, with the PBEO, CAM-B3LYP, and B3LYP functionals
leading to generally smaller interaction energies. The M06-2X

dx.doi.org/10.1021/ja211164b | J. Am. Chem. Soc. 2012, 134, 4346—4354
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HOMO (0.00 eV) LUMO+T (3.00)

Figure 6. Electron density plots of the HOMO and LUMO molecular orbitals and of MO involved in the major peak at 353 nm of the absorption
spectrum of the 1.1_t species viewed from two different angles. The relative energies of the MO are given in parentheses.
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Figure 7. Absorption (under S;) and emission (under S,) spectra of the free and encapsulated trans-stilbene calculated at the PBE0/6-31G(d,p) and
ONIOM(PBE0/6-31G(d,p):PM6) levels of theory.

and wB97X-D functionals are considered to be more The AE, values refer to the formation energy of the cages 1.1a,
appropriate for bond energies, and accordingly greater 1.2,.1a, and 1.2,.1b with respect to the two 1 cavitands (for
confidence is placed in the corresponding data of Table 2. 1.1a) and with respect to the two 1 cavitands and four 2 spacers
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Table 3. Vertical Excitation Energies, AE (eV), A,,,, (nm), and f-Values for $,—S; Absorption and S;—S, Emission Maxima of
Free and Encapsulated Stilbene at Various Levels of Theory in Conjunction with the 6-31G(d,p) Basis Set

So—$,
free trans-stilbene (S;) free cis-stilbene (S,) trans-stilbene (S,) in 1.1b_t?
method AE Amax f-value AE Amax f-value AE Amax f-value
B3LYP 4.00 309.67 0.983 4.11 301.71 0.407 4.09 303.02 0.938
CAM-B3LYP 4.37 283.41 0.988 4.65 266.89 0.432 4.52 274.54 0.941
PBEO 4.10 302.52 0.998 4.23 292.82 0.396 4.19 296.12 0.955
Mo06-2X 4.39 282.48 0.997 4.66 265.92 0.385 4.51 274.99 0.935
wB97X-D 4.53 273.60 0.951 4.69 264.58 0.407 457 27505 0.928"
expt” 3.98% 4.22° 4.48°
exptb ~4.0"
trans-stilbene (S,) in 1.1b_t© trans-stilbene (S,) in 1.2,.1a_t? trans-stilbene (S;) in 1.2,.1b_t?
method AE Amax f-value AE Amax f-value AE Amax f-value
B3LYP 4.11 302.00 0.935 4.02 308.17 0.977 4.01 309.47 0.981
PBEO 4.21 294.43 0.950 4.12 300.90 0.989 4.10 302.49 0.996
Mo06-2X 4.53 273.45 0.952 441 281.01 0.978 4.38 283.37 0.983
@B97X-D 451 274.68 0955 441 281.33" 0.969" 4377 283.78" 0.974"
trans-stilbene (S,) in 1.2,.1a_t° trans-stilbene (S,) in 1.2,.1b_t° cis-stilbene (S,) inl.1a_t?
method AE Amax f-value AE Amax f-value AE Amax f-value
B3LYP 4.01 309.10 0.976 4.02 308.41 0.973 4.07 304.41 0.464
PBE 4.11 301.66 0.989 4.12 300.66 0.985
N
free trans-stilbene (S,) trans-stilbene (S,) in 1.2,.1a_t° trans-stilbene (S;) in 1.2,.1b_t°
method AE Amax f-value AE Amax f-value AE Amax f-value
B3LYP 3.47 357.40 0.999 3.47 357.77 0.996 3.47 357.67 0.996
CAM-B3LYP 3.62 342.69 0.991 3.61 343.11 0.988 3.62 34291 0.988
PBEO 3.54 350.73 1.008 3.53 351.12 1.005 3.53 350.95 1.005
Mo06-2X 3.64 340.52 0.993 3.63 341.36 0.986 3.64 340.83 0.989
expt 363(361)¢ 358"

“Reference 9a. "Reference 9e. “Reference 18b. “Stilbene in its optimized geometry inside the cage at the A/6-31G(d,p) level of theory, A = B3LYP,
CAM-B3LYP, M06-2X, PBEO, wB97X-D. “ONIOM(A/6-31 g(d,p):PM6), A = B3LYP, CAM-B3LYP, M06-2X, PBEO. JStilbene in its optimized
geometry inside the cage at the ®B97X-D/6-31G(d,p)//M06-2X/6-31G(d,p) level of theory. SReference 29, 4,4-diethylstilbene (4,4

dimethylstilbene) in mesitylene. "Reference 29, 4,4"diethylstilbene.

(for 1.2,.1a and 1.2,.1b). As shown, the cages are found to be
stable with calculated AE; values of 3.01, 7.21, and 745 eV,
respectively, at the M06-2X/6-31G(d,p) level of theory (see
Table 2). The formation energies of the encapsulation
complexes 1.1b_t, 1.2,.1a t, and 1.2,.1b_t, with respect to
free trans-stilbene and cages 1.1 and 1.2,.1, given by the AE,
values in Table 2, are calculated as 1.01(1.83), 0.97(1.58), and
1.02(1.63) eV at the M06-2X(wB97X-D) levels of theory, while
B3LYP results in —0.21 eV, after the BSSE correction has been
carried out. It might be noted that similar binding (AE,) is
obtained for trans-stilbene in the small cage as in the large cage.
Significant stability of the above encapsulation complexes is
calculated with respect to free stilbene and dissociated cages
given by the AE; values in Table 2.

Finally, the encapsulation of cis-stilbene, calculated for com-
parison, resulted in the 1.1a_c complex (cf. Figure 3), which
presents AE, and AE; values smaller by 0.34 eV than for the
encapsulation of trans-stilbene (1.1a_t) using the B3LYP
functional.

3.3. Absorption and Emission Spectra. The absorption
spectrum involving transitions to 60 singlet-spin excited
electronic states of the encapsulated complex 1.1_trans-stilbene
is given in Figure S, obtained by B3LYP/4-31G due to technical
difficulties when attempting to use B3LYP/6-31G(d,p) on
this complex. Test calculations on the spectrum of free
trans-stilbene show only slight differences between the
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B3LYP/4-31G and the B3LYP/6-31G(d,p) results (see Figure
2S and Table 3S of the SI). Thus, we can conclude that the use
of the B3LYP/4-31G basis set is adequate for this system. All
60 singlet-spin excited electronic states correspond to
excitations to unoccupied orbitals of the cage. The oscillator
strength of all peaks is very small; the major peak, calculated at
353 nm corresponds to the 39th excited state with oscillator
strength of only 0.015. This excited state is characterized mainly
by the excitations HOMO-2 —-LUMO+7 and HOMO-1—
LUMO+6. The electron density plots of these frontier
molecular orbitals along with the HOMO and LUMO orbitals
are depicted in Figure 6. The HOMO orbital of the 1.1_t
complex is the HOMO orbital of stilbene. Excitations from this
HOMO orbital to unoccupied orbitals of the cage have
vanishing oscillator strengths. The energies of the first 60
singlet-spin excited electronic states of the encapsulated complex
are very closely spaced; as shown in Figure S, they cover the
range between 506 and 340 nm, while the first peak of free
stilbene at the same level of theory, i.e., BLYP/4-31G, is at 301
nm. For this reason the ONIOM method is required for the
calculation of the absorption spectra of encapsulated stilbene,
while it is practically the only alternative for calculation of
emission spectra, for which geometry relaxation at the excited
state of encapsulated stilbene is required.

Absorption and emission spectra of free and encapsulated
trans-stilbene calculated at different levels of theory are depicted
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in Figure 7 and Figures 25—6S of the SI. Vertical excitation
energies Sy—S, Ap,, corresponding to the major peaks, and
oscillator strengths (f-values) of stilbene free or encapsulated in
the 1.1 and 1.2,.1 cages at various levels of theory are given
in Table 3 and Tables 3S and 4S of the SL In all cases, the
main excitation is a HOMO—LUMO transition (see Tables 3S
and 4S of the SI). Generally good agreement is obtained with
available experimental transition energies, with the B3LYP and
the PBEO values being in the best agreement with experiment
(cf. Table 3).

The absorption spectra of stilbene obtained by full TDDFT
at its cage-optimized geometry and by the ONIOM technique
are practically the same (cf. Table 3 and spectra (iii) and (iv),
(vi) and (vii), (ix) and (x) in Figure 7 and also Figures 25—6S
of the SI). As we have already mentioned, the geometry of
trans-stilbene inside the 1.2,.1 cage is almost unaffected by the
presence of the cage, and as a result the absorption spectra
of free trans-stilbene and of the encapsulated one are similar
(cf. spectra (i)—(vi) and (ix) in Figure 7 and Figures 25—6S of
the SI). The geometry of trans-stilbene inside the 1.1 cage has
the two phenyl groups twisted, as discussed in the previous
section, but there is no big effect on the absorption spectra,
with only a small blue shift in the 4., by 8 nm with respect to
the spectrum of free trans-stilbene (see Table 3). Finally, the
geometry of cis-stilbene does not change significantly inside the
1.1 cage, and as a result, the absorption spectra of free cis-
stilbene and the encapsulated one are similar (see Figure 2S).

The emission spectra of free trans-stilbene and of the
encapsulated trans-stilbene using the different functionals are
depicted in Figure 7 (spectra (ii), (v), (viii), and (xi)) and
Figures 25—6S of the SI, while data for the S;— S excitation are
also included in Table 3. We observe that for the 1.2,.1 cage, the
emission spectrum of stilbene is not affected by the presence of
the cage (cf. spectra (ii), (viii), and (xi) in Figure 7), as was the
case for the absorption spectrum above. This results from the
fact that the optimized geometry of the excited (S;) trans-
stilbene is found to be nearly the same in the 1.2,.1 t complex
as in free trans-stilbene. Thus, encapsulated trans-stilbene in
1.2,.1 absorbs, then it relaxes to the geometry of free trans-
excited stilbene, and finally it emits. This is in agreement with
the experimental observation reported by Ams et al,”® where the
fluorescence of the trans-stilbene in the 1.2,.1 capsule is retained.

The calculated emission spectrum of trans-stilbene in the
1.1_t complex shows no significant intensity in the wavelength
region >300 nm (cf. Figure 7(v)). This is because the excited-
state optimized geometry is at the conical intersection of S, and
S, in this case, whereas in free trans-stilbene and also in the
1.2,.1_t complex the optimized geometry lies at the local
minimum of S; at about 3.5 eV above S, Thus, encapsulated
trans-stilbene, 1.1 t, after the absorption to S, relaxes to the
geometry of the global minimum and decays nonradiatively via
the conical intersection to Sy. This explains why Ams et al.”’
found experimentally that stilbene fluorescence is quenched in
the 1.1 capsule; ie., the distortion of stilbene’s ground-state
geometry in the small cage affects the geometry of the excited
state and leads to quenching of the fluorescence.

4. CONCLUSIONS

The encapsulation of trans-stilbene in the 1.1 and 1.2,.1
capsules was studied using DFT and TDDFT methodology at
the B3LYP, CAM-B3LYP, M06-2X, PBEO, and @B97X-D/
6-31G(d,p) levels of theory. Absorption and emission spectra of
free and encapsulated stilbene were calculated. For the emission
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spectra of encapsulated stilbene, the ONIOM method was
required in order to carry out optimization of the excited-state
geometry of stilbene within the cage. The main objective of the
present study was the interpretation of the experimental observa-
tion of quenching of fluorescence of stilbene in the smaller 1.1
capsule but not in the 1.2,.1 capsule.”

The results show that the ground-state geometry of
encapsulated stilbene in the large cage, 1.2,.1, is nearly the
same as that of free trans-stilbene. Similarly, the geometry
determined for the excited state of trans-stilbene in the 1.2,.1_t
encapsulation complex is the same as that of the excited state of
free trans-stilbene at a local minimum of the excited-state surface.
As a result, the absorption and emission spectra of trans-stilbene
are not affected by encapsulation in the 1.2,.1 cage.

In contrast, encapsulation of trans-stilbene in the 1.1 cage
results in significant modification of the ground-state geometry,
involving twisting of the two phenyl groups. The effect on the
calculated absorption spectra is a small blue shift by 8 nm in
Amae However, a major effect is found on the emission
spectrum of the encapsulated stilbene as compared to that of
free trans-stilbene: The present study shows that the distortion
of trans-stilbene’s ground-state geometry causes the geometry
optimization at the excited state to converge to the global
minimum of the S; state at the conical intersection. As a result,
there is no emission similar to that of free trans-stilbene, and
the state decays nonradiatively to the ground state.

The present work provides an interpretation of the
experimental observation that stilbene fluorescence quenches
in the 1.1 capsule, while in the 1.2,.1 capsule the fluorescence
returns.”” In this manner, the unexpected results on stilbene
fluorescence in the constrained environment in view of the
antibody studies®® have been explained.
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