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ABSTRACT The OM/MM method is applied to predict the excited triplet structure ‘
of a molecule embedded in a crystal. In agreement with experimental observation,
it is found that conformation changes on excitation are severely restricted compared
with geometry changes predicted for the isolated molecule. The results are of impor-
tance for understanding the photophysical properties of molecular solids.

SECTION Dynamics, Clusters, Excited States
he understanding of processes occurring when matter

I is interacting with electromagnetic radiation is of

considerable importance in modern science and en-
gineering. Increased knowledge of such phenomena may
lead to rational construction of light-sensitive devices. In order
to gain appropriate insight, the nature of excited-state struc-
tures in the solid state must be evaluated. Recent advances in
photocrystallographic methods now allow the determination
of geometry changes upon laser irradiation in molecular
crystals." Although the field is still in an early stage of devel-
opment because of experimental limitations and limited
laser-light penetration in the crystals, considerable progress
is being made as brighter X-ray sources and more advanced
detectors are becoming available.

To interpret the experimental results, corresponding quan-
tum chemical calculations are essential. However, none of
the computer programs for periodic calculations are designed
to deal with locally excited crystals in which the constrain-
ing effect of the environment will affect the conformation
which would be attained by the excited isolated molecule. In
the following, we present a quantum mechanics/molecular
mechanics (QM/MM) cluster approach to simulate the light-
induced molecular changes in a constraining environment.

Method. The method is based on the assumption that the
population of excited molecules in the crystal is quite low
(around 1—20%), as is typically the case in light-excited
molecular crystals.” For the case of the frequently occurring
random distribution of excited molecules, we assume that
with one molecule in the unit cell, the excited state (ES)
molecule in the central unit cell is surrounded by unit cells
containing molecules in their ground state (GS). Thus, the low-
percentage excitation in the solid state can be approximated
by a cluster consisting of a central excited molecule sur-
rounded by a shell of molecules in their ground state (Figure 1).
This leads to populations parameters of about 11 and 4 % in
2D and 3D cases, respectively. Of course, details of such
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molecular clusters will depend on the space group symmetry
and the number of molecules in the asymmetric unit, but the
principle of one excited molecule surrounded by ground-
state molecules is general.

The resulting clusters may contain a few hundred atoms or
more. Moreover, imposing a different spin state on such a
system will lead to a delocalization of the spin density over the
whole cluster, which is typically not the case in time-resolved
experiments in which a nonequilibrium structure with loca-
lized excitation is examined. This problem is avoided in the
OM/MM calculations,” in which only the central molecule is
treated on the basis of quantum mechanics while the remain-
der of the cluster is described using a force field formalism.
The static outer shell acts as a constraint in the molecular
geometry optimization process. The excitation remains loca-
lized on the central molecule. It is worth noting that similar
cluster QM/MM approaches have been used in the estimation
of thermal motions* and dipole moments in molecular
crystals.”

Computational Details. The QM/MM approach was applied
to the [bis(4-chlorothiophenyl)-1,10-phenanthroline]zinc(Il)
complex, with the aim to compare the results with those of
a parallel photocrystallographic study. Its photochemical be-
havior has been the subject of extensive studies by Crosby and
co-workers.® At 35 K, ligand to ligand charge transfer (LLCT)
from the thiol ligands to the phenanthroline dominates and
leads to an excited triplet state with a long lifetime of about
0.13 ms.®* The molecule crystallizes in the monoclinic space
group P2,/n with one molecule in the asymmetric unit. The
zinc atom is tetrahedrally coordinated and bonded to a
phenanthroline (A) and two chlorothiophenyl (B, C) ligands
(Scheme 1). The two thiol ligands are not equivalent; one is
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Figure 1. 2D schematic representation of the crystal environment, approximated by a molecular cluster (GS, ground state; ES,
excited state).

Scheme 1. Schematic Representation of the Crystal Geometry of \CL
the Studied Complex with Selected Structural Fragments and ‘
Numbering of Crucial Atoms l_ /(K D
+ 2G -
5 ¢ IG\ é/ e~ >4 2
4 6 cl? @ (_/!
(@) ® ©
Figure 2. Example geometries (viewed approximately along the
Zn to the center of the phenanthroline ligand line); (a) experi-
mental geometry (starting point for optimizations), (b) 1G and 2G
geometries (optimized isolated GSs), and (c) 1E and 2E geometries
(optimized isolated ESs). Hydrogen atoms are omitted for clarity;
closer to the phenanthroline moiety (B), and the other points in (b) and (c), the phenanthroline ligands of the two results are
away from it (C). superimposed.
On the basis of the known GS crystal structure, a shell of 16
molecules fully surrounding one central molecule was built. is not the case of the second the 2G structure. We note that the
Since there are four molecules in the unit cell, this implies that 1G geometry corresponds to a slightly higher energy than 2G,
the cluster does not correspond to the single unit cell description. the difference being about 8.02 kj-mol™". Both ES geometries
The corresponding excited-state population parameter equals 1/ are very different from the GS crystal geometry. This is especially
17 or 59%. The C—H bond lengths were adjusted to the true for the 1E geometry, which shows a significant change of
standard neutron distance of 1.083 A.” The Cartesian coordi- the molecular shape upon excitation. For the purpose of
nates of the cluster are listed in the Supporting Information. comparison with the QM/MM results, only the 1G (as it is similar
Optimizations of the geometry of the central molecule were to the crystal geometry) and 1E geometries (lowest-energy
performed by means of the DFT method, as implemented in structure) were considered. Selected geometrical parameters
ADF program® (version 2009.01), using an all-electron triple-¢ are summarized in Table 1.
STO basis with one set of polarization functions® together with Cluster Calculations. In the cluster calculations, the geo-
the zero-order regular approximation’ (ZORA) to take into metries of the GS and the ES were evaluated with all three
account small relativistic effects. Three functionals were tested, functionals (BP86, BLYP, B3LYP), yielding six structures la-
BP86,'° BLYP,'®!" and B3LYP.'? To evaluate the effect of the beled GSBP86 (GS for the BP86 functional), ESBP86, and so
surrounding molecules, geometry optimizations were also per- forth. In order to quantitatively compare the geometries
formed for the isolated molecule using the BP86 level of theory. obtained with different functionals, they were pairwise super-
The Cartesian coordinates of the isolated molecules are pre- imposed, and the root-mean-square deviations (RMSDs)
sented in the Supporting Information. Energy minima for the between distances between corresponding atoms were cal-
isolated molecule were confirmed by calculation of vibrational culated (Table 2). The table shows that the agreement among
frequencies within the harmonic approximation. the different GS and ES geometries is quite reasonable. Despite
The AMBER force field' was applied in the MM part of the the use of different exchange-correlation functionals, essen-
calculation. As the molecular shell has been fixed, only the tially the same results are obtained. As the geometries are
Coulombic and dispersion forces are of importance in the similar, further conclusions are based on the BP86 geo-
simulation of the crystal environment. metries. Interestingly, the speed of the constrained optimi-
Optimization of the Isolated Molecule. As the complex is very zations is about as fast as or faster than that of the isolated
flexible, different locally stable geometries were reached upon molecule optimizations. This may be attributed to the con-
optimization for both the GS and the triplet ES. Figure 2 shows strained molecular geometry, which requires fewer steps to
the experimental and the two lowest-energy theoretically opti- achieve acceptable geometric convergence.
mized geometries. One of the shown GS geometries (1G) Geometry Changes upon Excitation of the Constrained Mole-
closely resembles the experimental geometry in the crystal cule. The GS and ES structures are shown at their positions as
(RMSD = 0.168 A for superimposed molecules); however, this fixed in the cavity in Figure 3, and selected geometrical
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Table 1. Selected Geometrical Parameters for the Isolated Molecule 1G and 1E Structures Calculated at the BP86 Level of Theory”

diA o/° 7/°
bond 1G 1E angle 1G 1E torsion angle 1G 1E
Zn(1)—N(1) 2.176 2.009 N(1)—Zn(1)—N(2) 76.91 84.97 Zn(1)—S(1)—C(1)—C(2) 73.76 40.39
Zn(1)—N(2) 2.163 2.009 S(1)—Zn(1)—S(2) 122.93 84.62 Zn(1)—S(2)—C(4)—C(5) 101.75 40.39
Zn(1)—S(1) 2.253 2.359
Zn(1)—S(2) 2273 2.359
S(1)—C(1) 1.789 1.760
S(2)—C(4) 1.791 1.760
C(3)—CI(1) 1.767 1.757
C(6)—CI(2) 1.766 1.757
S(1)--+S(2) 3.976 3.176

“Parameters: d denotes distance, o angle, and 7 torsion angle.

Table 2. Root-Mean-Square Deviations (RMSDs) for Different
Pairs of GS and ES Geometries of the Cluster-Embedded Molecule

geometry 1 geometry 2 RMSD/A
GSBP86 GSBLYP 0.039
GSBLYP GSB3LYP 0.044
GSB3LYP GSBP86 0.057
ESBP86 ESBLYP 0.041
ESBLYP ESB3LYP 0.089
ESB3LYP ESBP86 0.076

Figure 3. GSBP86 (green) and ESBP86 (red) geometries as located
in the crystal cavity.

parameters are listed in Table 3. Significant shifts of the atoms
are evident. The Zn—N bonds are shortened by about 0.16 A
upon excitation, whereas the N—Zn—N angle increases by
about 7°. This results from a slight movement of the zinc
atom toward the phenanthroline ligand. Significant differ-
ences are also observed for Zn—S bonds, which show an
average elongation of about 0.08 A. The S—Zn—S angle
decreases by about 8.5°, corresponding to a significant
shortening of the S- - -S distance from about 3.9 to 3.7 A.
A slight decrease of the S—C and C—Cl bonds suggests that
the phenyl rings exhibit a more quinone-like structure in the
excited state. Interestingly, the torsion angles indicate a
slight rotation of the B and C ligands along the S—C bonds.
Also, both ligands are clearly not equivalent as the shift
of the S(2) atom is much larger than that of S(1) (about
0.43 and 0.11 A, respectively).
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The possibility of weak S- - - S bonding in the excited state
is not well-established as the distance remains larger than 3.6
A, which is the sum of the van der Waals radii.'* On the other
hand, such bond formation is supported by the calculated
bond orders. For the GSBP86, the Mayer'® and Nalewajski-
Mrozek'® bond orders are equal to 0.001 and 0.097, respec-
tively, compared with 0.093 and 0.186 for the excited state,
ESBP86.

Effect of the Cavity on the Excited-State Geometry. A striking
difference between the geometry of the excited state of the
isolated molecule and that in the cavity is evident from the
S---S distances. In the isolated molecule, this distance de-
creases by 0.80 A upon excitation, whereas according to the
calculation in the cavity, the change is much less pronounced
at 0.29 A. This is illustrated in Figure 4, in which the phe-
nanthroline ligands in the two structures have been super-
imposed. It is clear that the thiol ligands point in completely
different directions in the two cases. The results of the
cavity calculation indicate that the large shift of the thiol
ligands is impeded by the surrounding molecules. This is in
agreement with the reduced change in conformation upon
excitation of molecules in crystals surmised previously by
Highland et al.°® and also observed in earlier photocrystallo-
graphic experiments on a copper(l) phenanthroline photo-
sensitizer dye.'”

In summary, the QM/MM method presented above leads to
the prediction of atomic shifts resulting from photoexcitation
of molecules embedded in crystals and is therefore of parti-
cular importance for comparison with photocrystallographic
results. It is found in the example examined that the
geometry of the excited molecule differs considerably
from that obtained from isolated molecule calculations.
The QM/MM approach can be extended to evaluate elec-
tronic properties of molecules in crystals, including the
electron density distribution.

SUPPORTING INFORMATION AVAILABLE Cartesian coordi-
nates of the calculated isolated molecular structures at the BP86 level.
Cartesian coordinates of the ground- and excited-state central mole-
cules in the cluster at the BP86, B3LYP, and BLYP levels. Geometry of the
cluster and Cartesian coordinates of the experimental ground-state
molecular structure. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Table 3. Selected Geometrical Parameters for GS and ES Structures Calculated at the BP86 Level of Theory in the Crystal Cavity”

diA al° 7/°

bond GSBP86 ESBP86 angle GSBP86 ESBP86 torsion angle GSBP86 ESBP86
Zn(1)—N(1) 2.157 2.008 N(1)—Zn(1)—N(2) 76.96 84.35 Zn(1)—S(1)—C(1)—C(2) 67.58 68.66
Zn(1)—N(2) 2.169 2.018 S(1)—2n(1)—S(2) 121.69 103.14 Zn(1)—S(2)—C(4)—C(5) 104.72 123.47
Zn(1)—S(1) 2.252 2.329
Zn(1)—S(2) 2.264 2.338
S(1)—C(1) 1.786 1.762
S(2)—C(4) 1.788 1.751
C(3)—CI(1) 1.764 1.753
C(6)—CI(2) 1.761 1.748
S(1)-++S(2) 3.944 3.656

“Parameters: d denotes distance, a. angle, and 7 torsion angle.
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