
Abstract. The phosphorescence spectrum of p-dichlo-
robenzene has been calculated using multiconfiguration
self-consistent-field wave functions and the quadratic
response technique. Attention has been paid to the
intensity distribution of the singlet–triplet (3B1u!1Ag)
transition through a number of vibronic subbands. The
second order spin–orbit coupling (SOC) contribution to
the spin splitting of the 3B1u (3pp�) state is found to be
almost negligible, and the calculations therefore provide
a good estimate for the zero-field splitting (ZFS)
parameters based only on the electron spin–spin cou-
pling expectation values. Nuclear quadrupole resonance
constants for the different Cl isotopes are also calculated
to accomplish the ZFS assignment. The electric dipole
activity of the spin sublevels in the triplet–singlet tran-
sitions to the ground-state vibrational levels is estimated
by calculations of derivatives using distorted geometries
which are shifted from the equilibrium position along
different vibrational modes. A vibrational analysis of the
phosphorescence spectrum, based on the SOC-induced
mixing of the singlet and triplet states calculated along
different vibrational modes, provides reasonable agree-
ment with experimental data.

Keywords: Phosphorescence microwave double reso-
nance spectra – Vibronic activity – p-dichlorobenzene –
Quadratic response methodology – Zero-field splitting
parameters

1 Introduction

Studies of the phosphorescent state spectra of organic
materials are of fundamental interest as they provide
unique information on the electronic structure of
molecules. The triplet state (T) has three spin sublevels
which are split even in the absence of an external

magnetic field; this, so-called zero-field splitting (ZFS), is
determined mostly by spin-spin coupling (SSC) and is a
unique characteristic of the orbital nature of the excited
state. Each spin sublevel Tk

1 of the lowest triplet state has
its own transition probability to the ground singlet state
(S0), since it is governed by spin–orbit coupling (SOC)
with specific selection rules. Moreover, each vibronic
state associated with the triplet spin sublevel Tk

1 utilizes a
particular mechanism of intensity borrowing through
SOC perturbation [1, 2].

Phosphorescence emission, T1! S0, is known for
many organic molecules [3]. Vibrationally resolved
phosphorescence spectra are easily obtained for doped
molecular crystals at low temperature [1,2]. Combining
optical polarization measurements with studies of the
Zeeman effect at a very high optical resolution, one can
make assignments of the orbital, vibrational and spin
symmetries of the states involved in the Tk

1ðvÞ! S0ðv0Þ
transitions. A magnetic field additionally splits the T k

1
spin sublevels and the Tk

1ðvÞ S0 absorption might be
expected to split into a number of separate bands [2, 3].
For example, Castro and Hochstrasser [2] have studied
the Zeeman effect in the Tk

1ðvÞ S0 polarized absorption
of a single crystal of p-dichlorobenzene (PDCB) at 4.2
K. The results provide important pieces of information
which are not otherwise available. These are, for exam-
ple, the symmetry and orbital nature of the T1 state and
of the perturbing singlet state which is mixed into T1, and
the component of the SOC operator which is most
effective in the S ! T mixing [2]. Additional opportu-
nities to unravel the T1 ! S0 intensity borrowing
mechanisms are provided by the optically detected
magnetic resonance ODMR technique [1, 4, 5, 6]. In
contrast to electron paramagnetic resonance (EPR)
spectra of the triplet state, the ODMR signals can be
detected in zero field: a saturation of the magnetic
transitions between spin sublevels leads to changes in the
total equilibrium of population for the T1 state, as well
as for the excited singlet state S1, since the rate constants
for the radiative T1 ! S0 transition and for nonradiative
S1 ! T1 and T1 ! S0 transitions are strongly selective
for the spin projections T k

1 . Thus, the ODMR signals canCorrespondence to: Ò. Rubio-Pons
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be observed by intensity changes in phosphorescence
and fluorescence emission produced by microwaves. The
mechanisms whereby the singlet-triplet transitions
become allowed in phosphorescence and absorption
spectra [3] become important not only for photochem-
istry, but also for some thermal organic reactions [7, 8],
for catalysis [9], for chemically induced spin polarization
[10] and for oxygen bioactivation by enzymes [11, 12].

Phosphorescence studies of the organic benchmark
molecule benzene constituted a milestone in the discovery
of the triplet origin of this emission [13]. Albrecht [14]
confirmed the 3B1u assignment of the lowest triplet state of
benzene by a vibrational analysis of the phosphorescence.
He analyzed the possible routes for dipole-allowed Tk

1!
S0ðv0Þ transitions in benzene. Albrecht [14] concluded that
the 0–0 transition is essentially forbidden (evenwhen SOC
is taken into account) and the weak phosphorescence
bands originate from vibronic coupling of the e2g vibra-
tions. It is not generally possible to unambiguously assign
the triplet orbital symmetry without a complete knowl-
edge of the spin–orbit symmetries of all three spin suble-
vels [15]. Direct ab initio calculations of vibronic activity
with account of SOC by the quadratic response technique
[16, 17] supported the phenomenological analysis of
Albrecht [14] and could supply a complete assignment
of the vibronic phosphorescence spectrum of benzene.

In addition to benzene, substituted benzene deriva-
tives with a more allowed character of phosphorescence
have been studied by various techniques in order to
support the orbital symmetry of the T1 state and the
spin–orbit symmetries of its spin sublevels [2, 3, 4, 5, 6,
8]. The PDCB molecule has received particular attention
in this respect, since it belongs to a relatively high
symmetry point group, D2h, and contains internal heavy
atoms, which enhances SOC and the T ! S mixing [2,
14, 15, 19, 20, 21].

As already mentioned, the high-field Zeeman effect
has been used to determine the magnitude and signs of
ZFS parameters in the triplet state of the PDCB single
crystal [19]. The ODMR technique has been applied to
the phosphorescent triplet state of the PDCB molecule in
a number of studies [4, 15, 20, 21]. Besides ZFS
parameters in different crystal hosts, the ODMR meth-
ods provide electron–nuclear quadrupole and hyperfine
interactions constants, the intrinsic lifetimes of individ-
ual triplet spin sublevels and their relative radiative
activity in various vibronic bands present in the phos-
phorescence spectrum [4, 5, 20, 21, 22].

The phosphorescence of a neat PDCB crystal (spectra
of excitons [5, 21] and traps [4, 15]) exhibits a long
progression in the b2g vibration (C–Cl bending). This
indicates an out-of-plane distortion of the chlorine
atoms in the phosphorescent state. The same distortion
has been proposed from the observation of a large
reduction in the 35Cl nuclear quadrupole coupling
(NQC) constant from )69.66 MHz in the S0 state to
)64.5 MHz in the T1 state. Ab initio calculations
indicate that the reduction in the chlorine NQC constant
is connected with the electric field gradient change at the
nucleus upon the S0! T1 excitation [23] and can be
reproduced even in the D2h point group. Castro and
Hochstrasser [2] studied polarized S0! T1 absorption

spectra and proposed that the orbital symmetry of the
lowest triplet state of the PDCB molecule is B2u. How-
ever, the ODMR measurements have been interpreted in
terms of the B1u assignment [4, 15].

Another controversial result is connected with the
vibrational mode assignment. The phosphorescence of
the x-trap (a shallow trap with origin at 27865 cm�1) in a
neat PDCB crystal exhibits a strong vibrational band at
1580 cm�1 [15]. This vibration originates from the e2g
skeletal vibrational mode of benzene (m8 = 1601 cm�1)
[17]. In benzene phosphorescence this band occurs be-
cause of strong vibronic coupling between the lowest
3B1u state and the second excited triplet (3E1u) state [6,
14, 16, 17, 24]. In the PDCB molecule the e2g skeletal
vibration splits into the ag and the b3g vibrational modes.
In most studies the band at 1580 cm�1 in the PDCB
phosphorescence spectrum have been assigned as being
due to the ag vibration [21]. On the basis of the ODMR
signal for Tz ! Tx and Ty ! Tx transitions, which
produces large changes in the (0,0 + 1580 cm�1) band
intensity of a neat PDCB crystal, Buckley et al. [15]
proposed that this band is associated with both the ag
and b3g vibrations, however, the optical instruments
were unable to resolve these two bands. The phospho-
rescence microwave double resonance spectra recorded
by Buckley et al. clearly indicated a big difference in
responses of this band to microwave resonance satura-
tion and that of other ag vibronic bands; this suggests
the b3g assignment. At the same time, the relative radi-
ative decay rates of the Ty and Tz sublevels are found to
be incompatible with the b3g origin of this phosphores-
cence vibronic band.

Iwasaki et al. [22] have observed optical detection of
magnetic resonance signals for the deuterated PDCB
phosphorescence in p-xylene and for the nondeuterated
PDCB molecule in other hosts [21]. They showed that
this band is indeed a superposition of the ag and the b3g
vibrations, the frequencies of which differ from each
other by only 3–4 cm�1 for PDCB in different hosts. In
Raman spectra of deuterated PDCB the corresponding
ag and b3g vibrations have been observed at 1558 and
1531 cm�1, respectively.

Thus, there are many inconsistencies in the analysis of
phosphorescence and ODMR spectra even for a simple
benzene derivative molecule such as PDCB. Keeping in
mind the successful application of ab initio analysis to
spin-vibronic activity in benzene phosphorescence [16]
using multiconfigurational (MC) quadratic response
(QR) methodology, we apply this technique to phospho-
rescence and ODMR of the PDCB molecule in order to
attempt to understand the origin of the previous incon-
sistencies for this molecule and so hopefully to increase
our detailed understanding of ODMR and phosphores-
cence in this and other benzene derivative molecules and
in general. The role of the heavy-atom effect on these
spectra is then of particular interest for our present study.

2 Method of calculations

The MC self-consistent (SCF)-QR method [17, 25, 26] is used here
to calculate the NQC and ZFS constants, and the electric dipole
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activity of the spin sublevels in the Tk
1! S0ðv0Þ transitions to the

ground state vibrational levels of the triplet state of the PDCB
molecule. Since our implementation of this model at the MCSCF
level in the Dalton program [27] has already been described in
previous works [23, 25, 26], we here restrict ourselves to an outline
of the characteristic features of the approach. Complete-active-
space (CAS) wave functions were used to compute the electronic
structure in the adiabatic approximation. Relativistic corrections
arising from interaction between electron spins and orbital angular
momenta were added to the nonrelativistic Hamiltonian H0:

H ¼ H0 þ Hso þ Hss ; ð1Þ
where Hso is the electronic SOC operator

Hso ¼
a2

2

X

i;A

ZA

~liA �~si

r3iA
�
X

ij

~lij � ð~si þ 2~sjÞ
r3ij

" #
; ð2Þ

and Hss is the SSC operator

Hss ¼
a2

2

X

i;j

~si �~sj

r3i;j
� 3ð~si �~ri;jÞð~sj �~ri;jÞ

r5ij

" #
: ð3Þ

In general, the spin-splitting parameters D and E are determined by
SSC in the first order of perturbation theory and by SOC in the
second order [3].

A conventional sum-over-state expansion gives the relativistic
correction matrix elements between Ti and Tj spin sublevels of the
triplet reference state in the second order of perturbation theory:

Hi;j ¼ h3Wi
0 j Hss j3 Wj

0i

�
X

n;k

X

k

h3Wi
0 j Hso jk Wk

nih
kWk

n j Hso j3 Wj
0i

kEn �3 E0
:

ð4Þ

Here kWk
n is the zeroth-order wave function, which is an eigen-

function of the non-relativistic Schrödinger equation

H0
kWk

n ¼k En
kWk

n ; ð5Þ
where k = 2S + 1 is the multiplicity of the state and S is the total
spin quantum number:

S2 kWk
n ¼ SðS þ 1Þ�h2 kWk

n ; ð6Þ

Sz
kWk

n ¼ k�hkWk
n : ð7Þ

The index i; j; k ¼ MS determine the projection of the total spin.
The SOC contribution to the ZFS of the lowest 3W0 triplet state
(Eq. 4) includes singlet, triplet and quintet excited states k = 1, 3, 5
[28]. In most cases, only the singlet-state and the triplet-state per-
turbations are important.

The matrix defined in Eq. (4) can be diagonalized by a principal
axis transformation. For the PDCB molecule, which belongs to the
D2h point group, the symmetry axes of the molecular frame coin-
cide with the magnetic axes, and the matrix Eq. (4) is thus diagonal.
The eigenfunctions of the j SMi basis in Eqs. (6) and (7) can be
related to the ZFS eigenfunctions by the ratios [25]

j Txi ¼ 1ffiffiffi
2
p ðj 1;�1i� j 1; 1iÞ ; ð8Þ

j Tyi ¼ iffiffiffi
2
p ðj 1;�1iþ j 1; 1iÞ ð9Þ

and

jTzi ¼j 1; 0i : ð10Þ

The Tk functions correspond to the zero projections of the total
spin on the three molecular axes. In a coordinate system x; y; z with
the ZFS eigenfunctions, Eqs. (8), (9) and (10), the effective spin
Hamiltonian which describes ZFS can be written as

HS ¼ �XS2
x � YS2

y � ZS2
z ; ð11Þ

where X = 2
3 Hx;x � 1

3 ðHy;y þ Hz;zÞ, etc. Since the ZFS tensor is
traceless (X þ Y þ Z ¼ 0) it can be presented by only two inde-
pendent parameters, D and E [3]

HS ¼ DðS2
z �

1

3
S2Þ þ EðS2

x � S2
y Þ: ð12Þ

In Eq. (12) the choice of axes is such that j Tzi is the spin sublevel
with the greatest splitting, i.e., (j Z j > j X ; Y j, the z-axis being the
main axis of the ZFS tensor; D ¼ � 3

2 Z, and E ¼ 1
2 ðY � X Þ.

The chlorine isotopes 35Cl and 37Cl have spin I = 3/2 and can
produce hyperfine structure because of the NQC. The NQC con-
stants are known from experiment for the ground singlet state
(from the pure 35Cl PDCB nuclear quadrupole resonance spectra)
and for the excited triplet state of the PDCB molecule from opti-
cally detected electron–nuclear double resonance (ENDOR) [4]. By
saturating the EPR transitions Tx ! Ty and Tx ! Tz Buckley et al.
[4] observed both the 35Cl ENDOR and the 37Cl ENDOR reso-
nances. Since optical properties of the phosphorescence are con-
nected not only with the ODMR parameters, but also with this
triplet resonance (optically detected ENDOR) parameters, we
calculated NQC constants for both the S0 and the T1 states. Thus,
we have to add the NQC perturbation to the nonrelativistic
Hamiltonian H0, Eq. (1) [6]:

HNQC ¼
X

A

eQA

4IAð2IA � 1Þ
X

i

�
@2Vi

@z2iA
ð3I2Az � I2AÞ

þ @2Vi

@x2iA
� @

2Vi

@y2iA

� �
ðI2Ax � I2AyÞ

�
;

ð13Þ

where eQA is a nuclear electric quadrupole moment and

X

i

@2Vi

@z2iA
¼ eqzz ð14Þ

is the electric field gradient tensor component along the main axis.
The nuclear electric quadrupole moments are QCl = �7:89� 10�26

e cm2 for 35Cl and QCl = )6.21 10�2 e cm2 for 37Cl [29]. Other
nuclei in PDCB have no spin (C), or have no quadrupole moment
(H).

For the 35Cl and 37Cl nuclei in the PDCB molecule, the NQC
operator was used in the form [4]

HNQC ¼
1

12
e2qzzQ 3I2z �

9

4

� �
; ð15Þ

where the z-axis is along the C–Cl direction (Fig. 1). In addition,
the chlorine NQC asymmetry parameter

g ¼ qxx � qyy

qzz
ð16Þ

Fig. 1. Molecular structure and axis labels for p-dichlorobenzene.
Hydrogen atoms (not shown) have the same labels as the carbon
atoms to which they attach
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has been neglected in Eq.(15), since its value is small in the ground
state (0.08) and because g is an off-diagonal term which can not be
directly measured in optiocally detected ENDOR experiments [4].
One purpose of this work is to calculate all NQC parameters and to
verify the experimental results and their interpretation made by
Buckley and Harris [4].

The S ! T transitions are forbidden in the non relativistic
approximation, but SOC mixes the spin multiplicity and gives rise
to a non vanishing transition dipole moment. There have been a
number of ab initio studies of the S ! T transition probabilities,
[23, 25, 30, 31, 32]. A typical approach is to describe the SOC
perturbation in terms of a selected set of intermediate states and to
perform explicit summations over the intermediate states, with a
mean-field summation that is carried out over multiplet-averaged
atomic orbitals. The atomic SOC integrals can be calculated effi-
ciently owing to the high symmetry by the AMFI code [33].

The S0 ! T1 transition dipole moment (Ml) connected with a
particular spin sublevel k is determined by the well-known equation

MlðT kÞ ¼< ~S0 j rl j ~T k
1 >

¼
X

n

< S0
0 j rl j S0

n >< S0
n j Hk

so j T
k;0
1 >

EðT 0
1 Þ � EðS0

s Þ

þ
X

m

< S0
0 j Hk

so j T k;0
m >< T k;0

m j rl j T k;0
1 >

EðS0
0Þ � EðT 0

mÞ
; ð17Þ

where Hk
so is the kth component (k; l2x; y; z) of the SOC operator

(T 0
1 and ~T1 denote the zeroth order and first-order wave functions of

perturbation theory). It is useful here to employ Cartesian triplet
components (ZFS-spin functions, Eqs. 8, 9, 10).

Each k spin sublevel of the triplet state Tk is associated with a
specific S! Tk transition probability. The vibronic analysis in
this work is performed within the framework of the Herzberg–
Teller approximation [6, 34, 35]

Mv;v0

l ðT kÞ ¼< ~S0v0 j rl j ~T k
1 v > ; ð18Þ

where v0, and v are vibrational quantum numbers for a particular
vibrational mode a in the lower and upper states, respectively. The
complete equation for the transition moment is

Mv0 ;v
l ðTkÞ ¼ MlðTkÞðQ0Þ

Z
XS;v0XT;vdQ

þ
@½MS;TðQÞ�QO¼0

@Qa

Z
XSv0QaXTvdQ

ð19Þ

where Q0 is the equilibrium point geometry. In the harmonic
approximation the transition moment of the 0-0 band is then given
by the first term of Eq. (19) if the transition is allowed at the
equilibrium geometry, as is the case for the PDCB phosphores-
cence. The second term is different from zero if it is excited by one
vibrational quantum. In this case

R
XSv0QaXTvdQ ¼ ðh=8p2maÞ1=2,

and the total vibronic v ¼ 0! v0 ¼ 1 transition intensity is deter-
mined by Eq. (19).

In our first approximation we shall consider the same equilib-
rium geometry in the upper and lower states. In that case the 0–0
band will have the Franck–Condon integral h0 j 0i = 1 and the
second term can be discarded because the vibrational integral will
be zero in this case. For the 0! 1 transition the first term will be
zero in this case, because of the zero Franck–Condon integral
h0 j 1i= 0. Thus, we shall consider only the second term from Eq.
(19) in the analysis of the vibronic progression for the a vibrational
mode. This simple approximation is supported by experimental
observations of the most intensive fundamental lines in the phos-
phorescence spectra of the PDCB molecule in different host crys-
tals[21,22].

The derivatives of the T!S transition moment were calculated
numerically for every vibrational mode. For this purpose the
3B1uð0Þ !1Agðv0Þ transition moments were determined for molec-
ular geometries displaced along each individual vibrational mode a
using a step size of DQa = 0.8 amu1=2 Å.

For the vibronic 0! 1 phosphorescence 3B1uðv ¼
0Þ !1Agðv0 ¼ 1Þ transition band emitted from a k-spin sublevel the
transition moment is (in atomic units)[36]

M
STk0;1 ¼

@½MSTk ðQÞ�QO

@Qa
ð2pmaÞ�1=2 : ð20Þ

The lifetime (s) of a given spin sublevel k for a given vibrational
mode a is equal to:

1

sk
¼ jk ¼

4x3
ec

3

3t0

@½MSTk ðQÞ�QO

@Qa

� �2
ð2pmaÞ ; ð21Þ

where t0 ¼ ð4pe0Þ2�h3

mee4
¼ 2:4189 � 10�17s, c is the fine-structure con-

stant, c � 1
137, jk is the radiative decay constant, and xe is the

transition energy between the zero-vibrational level of the triplet
state and the vibrational level v ¼ 1 for the mode a of the ground
state.

It was noted in Refs. [6, 30, 32] that convergence of the S!T
transition moment (Eq. 17) in a configuration interaction treatment
is very slow. Many terms in the sum-over-state expansion (Eq. 17)
are of similar magnitude but of different signs [6, 25]. In response
theory [25] the matrix element of Eq. (17) is associated with the
residue of a QR function at the excitation frequency of the S!T
transition. The sum-over-state expression (Eq. 17) in MCSCF-QR
theory of the S!T transition moment is replaced by solutions of
sets of linear equations [25]. Since these solutions can be determined
using direct iterative techniques of the response equations, large
dimensions and therefore large orbital and configuration space
MCSCF wave functions can be considered. This permits us to
calculate electric dipole activity of all spin sub-levels Tk

1 of such a
relatively large molecule like PDCB with displacements along all
vibrational modes.

2.1 Basis sets and active spaces

A number of active spaces and basis sets were employed in the
present study. On the basis of precalculations of these as well as on
experience with previous calculations on ODMR and phospho-
rescence spectra, in particular for the benzene molecule, we decided
to present results using the following parameterization (for the
active space this is further substantiated by bonding and natural
occupation number analysis:
Atomic natural orbitals basis sets [37] were used for all atoms.
These are C (14s4p4d), Cl (17s12p5d), and H(8s4p) contracted to C
f4s3p1dg, Cl f5s4p3dg, H f2s1pg. The CAS was composed of 14
electrons and 12 orbitals [CAS (14/12)]. With this CAS (14/12) the
optimization of the ground state, keeping D2h symmetry, and the
calculation of NQC, were done. The active space was composed of
p orbitals from the benzene ring (six p), and the two chlorine atoms
(four p), and the two r orbitals from the bond between carbon and
chlorine [four rCl�C , CAS (14/12)] included with the corresponding
antibonding counterparts to complete the active space.

In the calculations of the singlet–triplet transition dipole mo-
ments, and of the energies of every vibrational mode, the active
space was reduced to ten electrons and ten orbitals [CAS (10/10)]
keeping inactive the deepest orbitals from the active space CAS (14/
12) using the analysis of the natural occupation numbers. With this
new active space [CAS (10/10)] the NQCs were calculated as well.

2.2 Geometry optimization

The PDCB molecule was placed in the zy-plane, where the z axis is
the long axis containing the two chlorine atoms, and the y-axis is
the short axis. A scheme of the molecule and the atom labels are
presented in Fig. 1. The ground-state geometry optimization and
the calculation of the vibrational frequencies were carried out using
CASSCF analytic gradients including 14 electrons and 12 orbitals
in the active space; CAS (14/12). The geometry optimization was
constrained to D2h symmetry. With the optimal geometry from the
CAS (14/12) calculation a second optimization procedure was
carried out to check the frequencies and the geometrical parame-
ters, using density functional theory (DFT) at the B3LYP/6-31G*
level to clarify the ground-state geometry. No large differences were
found for the ground state, so the geometry from the CASSCF
optimization was used.

The geometry of the lowest triplet excited state of PDCB was
optimized in several steps, in D2h, Cs and C2h symmetry restrictions
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and without any symmetry requirements at the B3LYP/6-31G*
level.

All calculations were carried out with the DALTON quantum
chemistry package [27], except the DFT geometrical optimizations,
which were done with the GAUSSIAN 98 package [38].

3 Results and discussion

From the conceptual background of ODMR methodol-
ogy in phosphorescence studies, it follows that optical
and magnetic properties of the triplet state are closely
connected. The ZFS constants D and E of the spin
Hamiltonian (Eq. 12) can give important information
about the symmetry and electronic structure of the
triplet state. On the other hand, transition intensities and
the polarization of the phosphorescence emission from
separated spin sublevels can be analyzed with account of
magnetic perturbation of the electronic wave functions
being ingredients of the spin alignment of the zero-field
sublevels.

ODMR spectra recorded by monitoring all vibronic
lines in the Tk

1! S0ðmiÞ emission is called the phospho-
rescence microwave detected resonance (PMDR) in the
literature [5]. The ab initio response technique has proved
very useful for the direct interpretation of PMDR spectra
[25]. Perturbations produced by vibrational movement
are connected with magnetic interactions and with UV
optical activity; thus intensities of vibronic lines from each
spin sublevel provide additional criteria to unravel the
correlation between optical and magnetic properties of
the triplet state [36]. Ab initio calculations of the PDCB
molecule using the MCSCF QR method present an
exhaustive example of such a theoretical analysis. We
present here results for structural changes upon the sin-
glet–triplet vibrational excitation, Tk

1 ! S0ðv0Þ transition
moments, frequencies and NQC properties. All the data
are collected in Tables 1, 2, 3, 4, 5 and 6.

The calculated fundamental vibrational modes are
presented and compared with the experimental modes in
Table 1, the geometries for the singlet and triplet states

are presented in Table 2 and the NQC results are col-
lected in Table 3. The transition moments for the
vibrational modes, the vibrational frequencies ma and the
assignments of the modes are given in Tables 4, 5 and 6.
The total lifetimes for the different spin sublevels and
different vibrational modes are also included.

We calculated the vertical excitation Tk
1 S0 spectrum

of PDCB as the first approach to assign the phospho-
rescence bands. It was shown [2] that the Franck–Con-
don maximum in the long b2g progression is located at
about n = 1 to n = 3; thus, the triplet state symmetry is
not severely modified from the D2h point group. Fol-
lowing the analysis of Castro and Hochstrasser [2] we
expect SOC selection rules to be subject to the same
restrictions, namely, that most of the spectrum will
appear via the D2h selection rules, and the effect of dis-
tortion would be small.

For the choice of axes given in Fig. 1 the lowest triplet
state in the PDCB molecule is the 3B1u (3pp�) state. The
SSC-induced D value can be determined by the x-axis:
D = ()3/2) X = 0.164 cm�1 [23], in good agreement
with the experimental D value (0.144 cm�1) for the x-
trap in a neat crystal and the same choice of the main
axis [4]. The SOC contribution for parameter D is found
to be less than 10�2 cm�1 and for parameter E less than
10�3 cm�1. Thus, the internal heavy-atom effect is not
important for ZFS in the PDCB molecule.

The positive sign of D is clearly brought out from
studies of the optical Zeeman effect [40] and from
ODMR studies [4, 15, 21, 20]. The choice of presentation
of the E parameter is rather arbitrary. Following the
general convention, we earlier used a definition
E ¼ 1

2 ðY � ZÞ [23], since for the PDCB molecule (Fig. 1)
this is just an interchange of Z and X parameters in
comparison with the standard choice in Eq. (12). But in
the work of Buckley et al. [4] the ZFS definition con-
tradicts the general convention for E. They used the
definition

E ¼ 1

2
ðZ � Y Þ ; ð22Þ

Table 1. Fundamental vibra-
tions identified in the phos-
phorescence spectrum of the
(PDCB) molecule in different
crystal hosts together with the
Raman spectrum of the D2h
ground state. Theoretical
results are from (CASSCF) (14/
12) calculations. The fre-
quencies are given in reciporcal
centimeteres

Symmetry Theoretical Experimentala

Mode ma Raman p-Xylene Neat
crystal

PDCB-d4

ag m1 3371.37 3071 – – –
b3g m3 3354.54 3064 – – –
ag m5 1713.61 1577 1577 1578 1555.7
b3g m6 1692.73 1577 1573 1581 1549.6
b3g m9 1413.13 1293 1297 1292 1018.2
ag m10 1265.92 1174 1171 1180 1082.4
ag m14 1132.58 1103 1098 1108 866.8
b2g m17 976.36 976 938 938 793.0
b1g m19 846.54 814 821 818 639.8
ag m20 775.78 744 751 746 711.6
b2g m21 713.07 689 694 691 606.7
b3g m22 673.72 628 637 636 –
b3g m26 364.81 350 – 355 327.4
ag m27 333.81 327 – 333 327.4
b2g m28 295.01 306 303 314 295.6

aExperimental data in different matrices, from Refs: 21, 22

19



and other authors [15, 20, 21] also follow this trend.
Thus, we get the E parameter to be negative in
agreement with ODMR experimental data [4, 15, 20,
21]. The calculated E value (E = )0.024 cm�1) perfectly
fits the experimental result (E = )0.023 cm�1) [4, 23].

The NQC tensor was calculated for both 35Cl and
37Cl NQC-active isotopes by the MCSCF method for

optimized geometries in the singlet ground state and in
the first triplet state. In the S0 state the calculated NQC
constant [23] for the main axis (z, the direction of the
C–Cl bonds) and for the 35Cl-containing PDCB mole-
cule is e2qzzQ35 = )71.94 MHz, while the asymmetry
parameter is small indeed, g = 0.06, in good agreement
with the experimental value g = 0.08 [4].

The measured pure nuclear quadrupole resonance
frequency of the PDCB molecule (with the 35Cl isotopes)
in its ground state at 4.2 K is m = 34.83 MHz [4]. A
similar value (34.78 MHz) is given by Lucken [41] for a
crystal at 77 K. If g is assumed to be zero, this resonance
frequency corresponds to a value of e2qzzQ35 = )2 m =
)69.66 MHz. The assumption that g may be neglected is
justified on the basis that e2qzzQ is not changed signifi-
cantly for small values ( g � 0.1) [4,41]. The calculated
result for the complete NQC tensor supports all these
assumptions (Table 3).

For the purpose of our study the most important
result is connected with the NQC constant reduction
upon the T1 S0 excitation. For the D2h-optimized
geometry in the T1 state we get e2qzzQ35 = )67.06 MHz
and g=0.1332, which is in good agreement with the
experimental value of )64.5 MHz [4].

Thus the absolute value of the main NQC component
is reduced by 5.16 MHz in the nuclear quadrupole res-
onance measurements upon the T1 S0 excitation of a
neat PDCB crystal at 4.2 K. Our MCSCF calculations
predict a similar reduction by 4.88 MHz. This reduction
of the magnitude in the je2qzzQ j value upon the T1 S0
excitation is quite big, it is much larger than for
8-chloroquinoline and for sym-tetrachlorobenzene [4],
which also have the lowest triplet state of pp� nature.
The absolute value je2qzzQ j in the T1 state of PDCB is
significantly smaller than the values reported for any
chlorine-containing aromatic molecule in the ground
state [4, 41].

As pointed out in the work of Buckley et al. [4], the
small increase of 0.05 MHz in the pure nuclear quad-
rupole resonance frequency of the ground-state PDCB
molecule upon cooling the sample from 77K (34.78
MHz) to 4.2 K (34.83 MHz) is consistent with the
quenching of the PDCB torsional motions in the crystal.
This very small increase of the NQC constant indicates
negligible effects of intermolecular interactions in the
crystal on the field gradient at the 35Cl nuclei and,
probably, on the whole electronic shell. Buckley et al. [4]
tentatively interpreted the change in the e2qzzQ35 value
upon T1 S0 excitation in the PDCB molecule as arising

Table 2. Geometry parameters in the ground and triplet states of
PCDB optimized with different symmetry restrictions. The bond
lengths (R) are in angstrom and the plain (L) and dihedral (<)
angles are in degrees

Parameters 11Ag
a 11Ag

b 13A
0a 13Bu

a 13B1u
a

RðC1 � C2Þ 1.395 1.389 1.428 1.465 1.416
RðC2 � C3Þ 1.395 1.392 1.364 1.352 1.434
RðC3 � C4Þ 1.394 1.389 1.472 1.465 1.416
RðC4 � C5Þ 1.394 1.389 1.472 1.464 1.416
RðC5 � C6Þ 1.395 1.392 1.364 1.352 1.434
RðC6 � C1Þ 1.394 1.389 1.428 1.464 1.416
RðC1 � ClaÞ 1.757 1.769 1.738 1.748 1.731
RðC4 � ClbÞ 1.757 1.769 1.830 1.748 1.731
RðC2 � H2Þ 1.085 1.072 1.086 1.085 1.081
RðC3 � H3Þ 1.085 1.072 1.086 1.085 1.081
RðC5 � H5Þ 1.085 1.072 1.086 1.085 1.081
RðC6 � H6Þ 1.085 1.072 1.086 1.085 1.081
ffðC6C1C2Þ 121.055 121.306 121.644 119.225 125.550
ffðC2C1ClaÞ 119.471 119.347 119.078 117.477 117.225
ffðC3C4C5Þ 121.056 121.306 117.373 119.225 125.550
ffðC3C4ClbÞ 119.470 119.347 112.726 117.477 117.225
hðClaC1C2C3Þ 179.963 180.000 179.767 151.3934 180.000
hðClbC4C3C2Þ 179.982 180.000 112.295 151.3934 180.000

aB3LYP/6-31G* optimized geomentry
bCASSCF(14/12) optimized geomentry

Table 3. Theoretical resonance nuclear quadrupole coupling
parameters (MHz) for the lowest triplet state of the PDCB mole-
cule in D2h and C2h symmetry calculated at different CASSCF levels

Symmetry X CAS g e2qxxQX e2qyyQX e2qzzQX

C2h
35Cl 14/12 0.1094 29.813 37.138 )66.951
37Cl 23.496 29.269 )52.765

C2h
35Cl 10/10 0.1219 29.312 37.455 )66.766
37Cl 23.101 29.519 )52.620

D2h
35Cl 14/12 0.1332 29.061 37.995 )67.056
37Cl 22.903 29.445 )52.848

D2h
35Cl 10/10 0.1216 29.080 37.132 )66.213
37Cl 22.919 29.265 )52.184

Table 4. Transition moments MiðT kÞ and their derivatives M 0i ðTkÞ from the Ty and Tx spin sublevels, and their partial rate constants (ji,s�1)
from the total symmetric modes ag in PDCB phosphorescence. All the transition moments and their derivatives are multpliled by 106 (in
atomic units)

Symmetry Mode maðcm�1Þ MyðTxÞ MxðTyÞ M 0yðTxÞ M 0xðTyÞ jys)1 jxs)1

ag m1 3371.37 )2.01 )4.23 )0.63 )1.25 0.0006 0.0001
ag m5 1713.61 0.00 22.57 0.00 5.00 0.0188 0.0000
ag m10 1265.92 )3.28 )13.13 )0.63 )2.50 0.0064 0.0004
ag m14 1132.58 )3.47 3.47 )0.63 0.63 0.0005 0.0005
ag m20 775.78 )4.19 0.00 )0.63 0.00 0.0000 0.0007
ag m27 333.81 0.00 6.39 0.00 0.63 0.0015 0.0000
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from the out-of-plane bending of the C–Cl bond. Our
calculations of the planar PDCB molecule (D2h point
group) indicate that the main contribution to the NQC
constant change is entirely due to a change in the electric
field gradient upon excitation. The optimized C–Cl bond
length in the S0 and T1 states is 1.769 A and 1.737 Å,
respectively. The C–Cl bond gets stronger upon excita-
tion, see Table 2.

In summary, from the electronic and nuclear spin
state splitting of the phosphorescent state one can con-
clude that the chlorine atoms have an appreciable
influence on the space distribution of the pp� electrons.
They strongly influence the ZFS parameter E but change
the D parameter only slightly in comparison with the
benzene molecule. The change of the nuclear quadrupole
resonance frequency upon the T1 S0 excitation indi-
cates that spin-dependent magnetic interactions would
strongly modify the phosphorescence of the PDCB
molecule as compared with benzene phosphorescence.

3.1 Conformations of the singlet and triplet states

The first excited triplet state is predicted in our
CASSCF-QR calculations to have 3B1u symmetry in
the D2h point group. At the same time we obtained two
imaginary vibrational frequencies, indicating that the
D2h structure does not correspond to the global mini-
mum for the T1 state. This is in agreement with the
occurrence of a long progression of the b2g vibrational
mode (m = 303 cm�1) in the phosphorescence spectrum.
Our DFT calculations without symmetry restrictions
indicate that the optimal geometry of the triplet state has
the structure with one C–Cl bond out of the plane.

At this geometry the molecule possesses a reflexion
plane containing both C–Cl bonds, with the molecule
belonging to the Cs group, see Fig. 2. At this geometry
one of the chlorine atoms is in the benzene ring plane
and the other one is out of the plane with a dihedral
angle of 112. 29�, and with a longer C–Cl bond distance,

see Table 2. This structure will give two different NQC
constants, something that contradicts the observed fine
structure of the optically detected ENDOR spectrum.
The energy difference between the triplet geometry at the
Cs final geometry and the restricted structure in D2h is
quite large, approximately 1 eV.

To provide an equivalent electronic structure for the
two chlorine atoms a constraint-symmetry calculation
was implemented for the PDCB triplet state. We
restricted the geometry to D2h, C2h and C2v points
groups. In the case of C2v, the molecule possesses a boat
conformation and higher energy, owing to the electronic
repulsion of the two chlorine atoms, in comparison to
the lowest triplet state at D2h geometry. The C2h struc-
ture, with the two Cl atoms pushed out of plane in the
trans configuration is more stable than the D2h structure
by 0.83 eV, Fig. 3, but one imaginary frequency ap-
peared, and this structure should therefore correspond
to a transition state between Cs minima. In the case of

Table 6. Transition moments MiðTkÞ and their derivatives M 0i ðTkÞ from the Ty and Tz spin sublevels, and their partial rate constants (ji) for
the modes of b2g symmetry in PDCB phosphorescence. All the transition moments and their derivatives are multpliled by 106 (in atomic
units)

Symmetry Mode maðcm�1Þ MzðTyÞ MyðTzÞ M 0zðTyÞ M 0yðTzÞ jys)1 jzs)1

b2g m17 976.36 3.36 14.95 0.63 2.50 0.0418 0.0083
b2g m21 713.07 5.69 4.37 8.13 5.63 0.1194 0.0007
b2g m28 295.01 136.01 20.40 12.50 1.88 0.6831 0.0154

Table 5. Transition moments MiðTkÞ and their derivatives M 0i ðTkÞ from the Tz and Txspin sublevels, and their partial rate constants (ji) for
the modes of b3g symmetry in PDCB phosphorescence. All the transition moments and their derivatives are multpliled by 106 (in atomic
units)

Symmetry Mode maðcm�1Þ MzðTxÞ MxðTzÞ M 0zðTxÞ M 0xðTzÞ jxs)1 jzs)1

b3g m3 3354.54 2.01 4.033 0.63 1.25 0.0002 0.0006
b3g m6 1692.73 11.35 39.75 2.50 8.75 0.0048 0.0582
b3g m9 1413.13 3.11 15.54 0.63 3.13 0.0004 0.0089
b3g m22 673.72 4.50 4.50 0.63 0.63 0.0007 0.0007
b3g m26 364.81 6.11 6.11 0.63 0.63 0.0014 0.0014

Fig. 2. Molecular structure of the triplet state of p–dichloroben-
zene optimized in Cs symmetry
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the C2h structure, the NQC constant j e2qzzQ j is 66.95
MHz, with CAS (14/12), the value of g = 0.1094, and
the difference with the triplet state at D2h symmetry is
only 0.105 MHz. This reduction of the j e2qzzQ j value is
almost negligible in comparison with the value for the
ground state j e2qzzQ j = 71.94 MHz. It is clear that the
total reduction of about 5MHz is related to the electric
field gradient change during the S!T transition.

The C2h triplet-state structure is only 0.15 eV higher
than the Cs minimum, but constitutes nevertheless a
large geometric distortion from the global minimum (Cs)
point with two distinct electronic structures for the
chlorine atoms. Such a large distortion should though
not be present in the matrix crystal owing to the pressure
that the crystal makes. Probably, the crystal force fields
do not permit the molecule to accept the most favorable
geometry. In real systems, the deformation seems to be
connected with the crystal field perturbation and,
probably, with excimer formation. This follows from the
fact that the emission spectrum is more perturbed by
the crystal field than the absorption [2]. In their work on
the T1 S0 absorption spectra of single crystals Castro
and Hochstrasser [2] argued that most of the spectral
intensity appears via D2h selection rules and that the
effect of the distortion is small.

In the C2h geometry the imaginary frequency corre-
sponds to the trans–symmetrical bending movement of
the chlorine atoms in the x-axis, trying to reach a similar
structure as the Cs symmetry. Thus the C2h structure
corresponds to a transition state if we consider the
trans–symmetrical bending as the reaction coordinate
for the left–right isomerization of the Cs species shown in
Fig. 2. In Fig. 3 we have described a qualitative scheme
of the potential energy surfaces for the lowest triplet
state optimized with different symmetry constraints. In
this case, the lower potential energy surface for the
triplet state presents two symmetrical minima corre-
sponding to the triplet structures distorted along the
reaction coordinate.

The change in electric field gradient upon the S!T
transition is almost reproduced at the D2h symmetry

restriction. The nonsymmetrical optimized structure of
the PDCB molecule in the triplet state is strongly dis-
torted with one C–Cl bond being far out of plane; this
structure is only slightly stables than the C2h structure
and cannot be realized in the crystal. The D2h and C2h
structures have similar C–Cl bond lengths (Table 2) in
the triplet state, both being shorter than in the ground
singlet state. Since the C–C bond lengths are quite dif-
ferent in the two triplet-state Cs structures, one can see
that the frequencies of the vibronic bands in the T1!S0
emission are determined by the ground-state D2h force
field and the intensities of the fundamental vibronic
bands in the T1!S0 emission are determined mostly by
the D2h symmetry selection rules, since the triplet-state
wave function reproduces the same main features in the
D2h structure. From comparison of our calculations with
the experimental NQC tensors in the ground and in the
first excited triplet states of the PDCB molecule in dif-
ferent crystal hosts we conclude that the geometry
changes do not have a big influence on the NQC
parameters. Even the vertical T1 S0 excitation pro-
duces an appreciable reduction of the j e2qzzQ j param-
eter in qualitative agreement with the observed NQC
frequency. For all these reasons we consider the vertical
transition as the source of the main phosphorescence in
the D2h structure and the intensity of the fundamental
vibronic bands obtained by derivatives (Eq. 20) calcu-
lated for the ground-state vibrational modes with the
D2h equilibrium.

3.2 Vibronic bands

The vibrational phosphorescence spectrum of PDCB
consists mostly of three principal groups of bands
originating from several intense vibronic modes; these
bands are presented in the interval of frequencies
between the 0,0 band and 0,0 + 1580 cm�1, see Fig. 4.
The spectrum is formed by the 0,0 band (m0;0) and its
subsequent components, the strongest group of which
resides at about 300 cm�1 with three vibrational modes,
m28, m26 and m27. The most studied group is at about 1700
cm�1 and consists of two modes m5 and m6 (it is cited in
Refs: [21, 22] as the band at about 1580 cm�1). In the
higher region of the spectrum (about 3300 cm�1) two
vibrational bands occur with very low intensity. They
are not well resolved and have not been properly studied
in the experimental spectra, but are nevertheless pre-
sented in our theoretical data. These are assigned to m1
and m3, see Table 1 and Figures 4, 5 and 6 for more
details.

In the first approximation we consider the vertical
T1 S0 transition as a model for the 0,0 band. The
square of the T1 S0 transition moment has to be mul-
tiplied by the Franck–Condon factor calculated for the
0,0 band determined by gradients from the MCSCF
geometry optimization in D2h symmetry. We consider
that all three spin sub-levels have the same potential
energy surfaces, since geometry optimization is carried
out by a nonrelativistic approach. This assumption is
evidently not correct in general; the SOC-induced mixing
between excited S and T states and between triplet Tk

1

Fig. 3. Energy differences of the optimized p-dichlorobenzene
structures together with the scheme of the potential energy surfaces
for the lowest triplet state assuming several symmetry restrictions
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and Tk
n states with different potential energy surfaces

(gradients) produces small contributions that make
vibrational frequencies and equilibrium geometries differ
slightly for the three spin substates. At the moment we
can only neglect such possible spin-selective distortions.
All the spin sublevels are calculated at the S0 optimized
geometry under the assumption that the Franck–Con-
don factor is 1 for the 0,0 transition. As follows from our
MCSCF-QR calculations the 0,0-band is present at 3.26
eV. The T1 ! S0 transition has a large transition prob-
ability from the Ty spin sublevel and is x-polarized
½MxðTyÞ= 148�10�6au�. The radiative rate constant for
this emission from spin sublevel Ty is jy = 0.8088 s�1.
The 0,0 phosphorescence band originating from the Tx

spin sublevel is less intensive and has y optical polari-
zation (jx = 0.0213 s�1).

Any changes in phosphorescence intensity while
monitoring the emission to a vibrational level of the
ground state indicate differences in the transition prob-
ability from different spin sublevels of the T1 state
induced by these vibrations. We used vibrational modes
calculated for the ground state to monitor the changes
induced in SOC and in vibronic activity of the spin
sublevels. As already mentioned in the Introduction, the
most striking feature of the phosphorescence microwave
double resonance spectra of the PDCB crystal is a rel-
ative increase in intensity of the vibronic band (0,0 +
1580 cm�1) upon the Tz ! Tx microwave transition
saturation and a strong decrease upon the Ty !Tx

microwave resonance [15].
Geometry optimization of the ground state, per-

formed at the MCSCF, level indicates that the analogue
of the benzene e2g skeletal vibrational mode (m8 = 1601
cm�1) [17] is split in the PDCB molecule as agðm5 =

1713.61 cm�1) and b3gðm6 = 1692.73 cm�1) vibrations.
Experimental data for the neat crystal predict these two
modes to be almost degenerate at 1580 cm�1 [15]. Our
MCSCF-QR calculations show that the Ty spin sublevel
gets more emissive upon involvement of the agðm5)
vibration in the lower state. The derivative is quite big,
M’= @MðT yÞ/@Q1731 = 0.000005. The jx=jy ratio for
the (0,0 + 1580 cm�1) vibronic band of the ag type is
also changed in comparison with the 0,0 band. In ben-
zene phosphorescence this band occurs because of strong
vibronic coupling between the lowest 3B1u state and the
second excited triplet (3E1u) state [6, 14, 16, 17, 24]. In
most works the band at 1580 cm�1 in the PDCB phos-
phorescence spectrum has been assigned as being due to
the agðm5Þ vibration [21]. On the basis of ODMR signal
for Tz !Tx and Ty !Tx transitions, which produces
great changes in the (0,0 + 1580 cm�1) band intensity of
a neat PDCB crystal, Buckley et al. [15] have proposed
that this band is associated with both the ag and the b3g
vibrations.

We obtain the ratio of the radiative rate constants,
jx=jy = 0.0263, in reasonable agreement with the
experimental value of 0.026, obtained for the 0,0 band
(m0;0) phosphorescence band of PDCB in a benzene host
crystal at 1.4 K [21]. The change of the jx=jy ratio for
the ag (0,0 + 1580 cm�1) vibronic band is due to an
increase of the contribution in the spin sublevel Ty and
because there is no active contribution from the spin
sublevel Tx, as follows from our calculation, see Table 4.
This is in a good agreement with the microwave-induced
delayed phosphorescence (MIDP) spectra [21]. In the
MIDP spectrum the phosphorescence of PDCB is
resolved into two magnetic spin sublevel spectra. The Ty

spectrum is recorded by phase-sensitively detecting the

Fig. 4. Experimental phosphorescence spectrum
of p-dichlorobenzene in p–xylene at 1.4K. The
uppermost bar shows the fundamentals vibra-
tions. Taken from Ref [22] with permission of
Elsevier
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MIDP signals produced 100 ms after the excitation
cutoff by irradiating with microwaves resonant with the
Ty $ Tz transition. The Ty spin sublevel decays very
fast, while the other two sublevels Tx and Tz, remain
populated (they have longer lifetimes). The population
of the Ty sublevel is completely exhausted after 100 ms
and the T y  Tz microwave pumping produces an
MIDP signal which is a pure T y ! S0 phosphorescence
emission. The vibronic band agðm5Þ is very intense in the
Ty spectrum, while it is weak in the MIDP spectra
detected for the other two spin sublevels Tx and Tz. The
Tx and Tz phosphorescence spectra are obtained by
recording the tail portions of the emission decay at a
longer time (150 ms) [21, 22].

The Tz spin sublevel is dark (jz = 0) for the free
PDCB molecule of D2h symmetry. The value of jz

is obtained small but nonzero in ODMR measurements
[21] and depends strongly on the host crystalline system.
In deuterated PDCB the relative radiative rate constants
jx and jz increase (the latter much more). The same
trend is prominent for PDCB trapped in a P-dibromo-
benzene host crystal [21], which is a pure indication of

the external heavy-atom effect. The jx and jz constants
for the trap in the neat crystal seem to have an influence
from other sources in addition to the external heavy-
atom effect. As a possible cause a rotation of the trap
molecules has been proposed [21].

The other component of the close-lying doublet for
the (0,0 + 1580 cm�1) vibronic bands, namely the
b3gðm6Þ mode, is found to be very active in our calcula-
tion, as it is in the ODMR and MIDP experiments [15,
21, 22]. The phosphorescence intensity originating from
Ty with x-polarization (Mx) and from Tx with y-polari-
zation (My) spin sublevels is not changed upon excitation
of this vibration (the derivatives are zero, thus the vib-
ronic activity is low) but there occurs a new emission
from the Tz and Tx sublevels which were dark for
the agðm5Þ vibrational mode. In the Tz spin sublevel, the
derivative, @MðTzÞ/ @Q1692 = 8.75�10�6 is one of the
highest obtained in our calculations among all vibrations
which are allowed by the symmetry selection rules for
the 3B1u!1Agðv0Þ phosphorescence. The corresponding
transition moment is finally MxðTzÞ = 39.75�10�6 au
and jz= 0.0582 s�1.

Fig. 5. Scheme of the phosphorescence process from different spin sublevels to the vibrational levels in the ground state
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In the Tx spin sublevel spectra, the contribution from
the b3gðm6Þ vibronic band is smaller and the final tran-
sition moment, Mz(T

x) = 11.35 10�6 au produces a small
value of the rate constant, jx= 0.0048 s�1. The ratio of
the rate constants in the b3gðm6Þ vibronic band (0,0 +
1692 cm�1) in our calculation is jx=jz = 0.08 for both
active spin sublevels, which corresponds to jx=jz = 0.24
for the band at 0,0 + 1573 cm�1 in the experimental
data in a p�xylene host crystal. In the neat crystal this
ratio is 0.045 and it is 0.02 in the deuterated host [21].

For the other modes of the ag symmetry it is
remarkable that the agðm10Þ mode, present at 0,0 + 1266
cm�1 in our calculation, is associated with considerable
intensity in the simulated spectra with the contribution
from the Ty , spin sublevel, MxðTyÞ= -13.13 10�6 au, see
Table 4 and Fig. 6. It is present in the experimental
spectrum at 0,0 + 1074 cm�1 for PCDB d4 in a p�xylene
matrix [21] with similar relative phosphorescence inten-
sity.

Among the b3g modes, another prominent feature
with a visible intensity is given by the vibronic b3gðm9Þ
band at (0,0 + 1413 cm�1) in our calculated spectra with
a transition moment MxðTzÞ = 15.54 �10�6 au. It is
present in the experimental spectrum [21], and is
assigned at 0,0 + 1297 cm�1 in the phosphorescence
spectra of PCDB in a p�xylene matrix.

Finally, in the high-energy region of the spectrum two
modes are present with low intensity. They were well
studied in previous experimental works. These modes
are b3gðm3Þ and agðm1Þ; they have similar values of the
transition moments from all the spin sublevels and very
close vibrational frequencies, m1 = 3371 cm�1 and m3 =
3354 cm�1, assigned to the stretching symmetric and
antisymmetric movement of the C–H vibration in
PDCB.

The only transition of b1g symmetry, which appears in
the experimental spectrum at 0,0 + 640 cm�1 with
strong relatively intensity, is of special interest. It has
been assigned to the b1g fundamental because of the
negative sign of the Tz $ Ty transition moment in
the PMDR spectra [21]. The b1g (m19) mode due to the
out-of-the-plane stretching of the C–C bond in our
calculation is present at 846 cm�1. It has a value of
jz=0.0149 s�1 with a contribution from Mz(T

zÞ of
2.00�10�6 au. The b1g vibrational mode has another
contribution from the spin sublevel MxðT xÞ= 8.01�10�6
au with jx=0.0024 s�1, and one more small contribution
from My(T

yÞ= 3.13�10�6 au with jy= 0.0149 s�1. This
band possesses a smaller phosphorescence intensity from
the Tx spin sublevel in comparison with the b3gðm6Þ band
at the same spin sublevel, [Mz(T

xÞ = 11.35�10�6 au].
This contribution is not as large as in the experimental
data recorded by Iwasaki et al. [22], and the contribution
of Tz is larger in the b3g modes as is indicated in the
sublevel phosphorescence spectra.

The low-frequency region of the spectrum presents
several vibronic bands at about 290-360 cm�1, Tables 4,
5 and 6. The ag (m27) band at 334 cm�1 corresponds to
the vibration of the C–Cl bond in the molecular plane, in
which the Ty spin sublevel has the main contribution,
Table 4. It corresponds to the 333-cm�1 feature in the
experimental spectrum in a neat crystal, and to the 337-
cm�1 feature in deuterated PDCB [21]. In our calculated
spectra this mode appears with a major contribution
from the Ty spin sublevel with jy=0.0015 s�1 and
MxðTyÞ= 6.39�10�6 au. The second mode in this area is
a b3g mode (m26) due to the bending movement of the
C–Cl bond in the molecular plane, computed to be
364.81 cm�1. In the Raman spectrum it occurs at 350
cm�1, and at 355 cm�1 in the neat crystal matrix (Table

Fig. 6. Simulated vibrational phosphores-
cence spectra. The fundamental bands in the
spectrum are assigned. The more intense
vibrational band (b2gv28) is reduced 10 times.
The 0-0 band is cut down
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1). The b3g modes are forbidden in emission from the Ty

spin sublevel in the D2h point group, and only contri-
butions from the other spin sublevels could allow the
S!T transition. At the same time, vibronic transitions
from the Tx and Tz levels for the b3g (m26) mode are not
very active, Mz(T

xÞ= Mx(T
zÞ= 6.11 �10�6 au, and

jz ¼ jx = 0.0014 s�1, Table 5.
A very strong vibronic band corresponding to the b2g

(m28) mode near (0,0+ 300 cm�1) is present in both the
experimental and the simulated spectra. It has the largest
derivative and the largest transition moment from the Ty

spin sublevel in comparison with all the other vibrational
modes, Mz(T

y)= 136 10�6 au, jy=0.6831 s�1. It is
almost comparable to the transition moment of the 0,0
band [Mx(T

y)= 148·10�6 au]. This band, which has an
additional contribution from the T z spin sublevel with
My polarization, My(T

z) = 20.40·10�6 au, jz=0.0154
s�1, is present at 295.01 cm�1 in our computed spectra,
and corresponds to the bending of the C–Cl bond out of
the molecular plane. In the experimental spectra the
band is present at about (0,0 +308 cm�1); at 306 cm�1 in
the Raman spectrum and at 314-cm�1 in the neat crystal
matrix. It has been assigned as being due to the pro-
gression forming the b2g vibration (C–Cl out-of-plane
bending). The (0,0 + 308-cm�1) band is the strongest
band in the spectrum of PDCB in the deuterated crystal,
in p-xylene and in a benzene host [21], while in the
phosphorescence spectrum of PDCB in p�dibromo-
benzene it exhibits much weaker intensity than the 0-0
band. This is a clear indication of the destructive exter-
nal heavy-atom effect in the T!S transition which
depends only on the electronic SOC perturbation and
does not depend on the intramolecular vibronic inter-
actions.

Other less intense modes along the b2g symmetry
should be considered in our theoretical spectra. First,
the vibronic band b2g (m17) appears at about (0,0 +
976 cm�1), corresponding to the experimental peak at
970 cm�1 in p�dibromobenzene, and at 938 cm�1 in
p-xylene and in the neat crystal matrices. It has a quite
large transition moment from the Tz spin sublevel,
MyðT zÞ = 14.95·10�6 au, and jy=0.0418 s�1. The
second b2g vibronic band appears softly in emission at
689 cm�1, in the Raman spectrum, and at 694 cm�1 in
p-xylene and 691 cm�1 in neat crystal matrices [21].
We have assigned it to b2g(m21Þ, m=713 cm�1. It is less
intense than the other two b2g bands, but still has
some visible intensity in our simulated phosphores-
cence spectrum MzðT yÞ= 5.69·10�6 au, jy=0.1194
s�1, Table 6.

4 Conclusions

This paper presents results for vibronic analysis of the
phosphorescence spectrum (3B1u!1Ag) of PDCB by
means of MCSCF calculations and QR methodology.
The calculations were carried out for all allowed
vibrational modes of the S0ðmiÞ ground state in order
to study the vibronic spin-forbidden transitions Tk

1!
S0ðmiÞ and the vibrational profile of the phosphorescence
spectra. The information gained from such calculations

concerns polarization directions, oscillator strengths,
radiative lifetimes, molecular geometry in the ground
and excited states, vibrational assignments of the bands
in the spectrum, and excitation energies for the triplet
states. These quantities either refer to values averaged
over triplet states or to specific triplet-state spin
sublevels. We also performed calculations of ZFSs and
NQC constants. Thus, we made a full theoretical
assignment of the vibronic phosphorescence spectrum
specific for each triplet-state spin sublevel which has
previously been recorded by the phosphorescence micro-
wave double resonance method [4].

The reduction of the NQC constant along the S0 !
T1 excitation was studied assuming D2h and C2h sym-
metries. The results using D2h symmetry are in concor-
dance with the results obtained using lower symmetry,
and with experimental data. Thus, to a first approxi-
mation the D2h symmetry for the lowest triplet state is
able to adequately describe the molecular properties.
The optimized geometry of the lowest triplet state has a
chlorine atom out of the benzene molecular plane, while
the other chlorine atom is lying in this plane. Such a
geometry will give different values for the NQC con-
stants of the chlorine atoms. This fact is not in agree-
ment with the experimental results [21], but can probably
be explained by this distortion not being energetically
allowed in the matrix when the crystal force fields pro-
hibit the molecule from reaching the most favorable
structure.

One of the most intense and controversial vibronic
bands [21,4], present at about 1580 cm�1 in the experi-
mental spectrum, is shown here to be the result of a
combination of two different vibrations. The calcula-
tions indicate that the vibrational ag (m5) mode at
1713.61 cm�1 and the b3g (m6) mode at 1692.73 cm�1 are
responsible for this intense transition in the phospho-
rescence spectrum, originating from the most active spin
sublevel (Ty) in agreement with the PMDR data. Other
particular features appear in the low-vibrational-
frequency area of the spectrum at about 300 cm�1, with
several vibrational modes present. In this work we
assigned these features to the vibrational b2g (m28) C–Cl
bending out-of-the-plane mode, as the most intense
vibronic transition in this region. However, it appears
that the intensity of this band is overestimated by the
MCSCF-QR calculations. The remaining vibrational
bands originating from different modes with less inten-
sity were also presented and discussed in this work. The
simulated vibronic spectrum and the molecular geome-
tries were described. All the relative vibronic band
intensities are in good qualitative agreement with
experimental spectra.

From the present applications of ab initio QR tech-
niques to the vibronic phosphorescence spectrum of
PCDB we learn a unique lesson about the close con-
nections between internal magnetic interactions and
vibrational movements in molecules. An analysis of
these connections permits us to understand the origin of
changes in phosphorescence intensity induced by
microwaves in the sense that specific ZFS spin transi-
tions produce enhancements of particular vibronic
modes. Thus, vibrations of large amplitude which lead to
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chemical bond cleavage (the starting point of chemical
reactivity) can induce a strong spin selectivity of the
triplet state sublevels with respect to the intersystem
crossing and with respect to other spin-dependent pho-
tochemical and photophysical processes. This can give
rise to external magnetic field effects and to chemically
induced spin polarization. Direct ab initio calculations
of spin-vibronic effects in transition states or in the
singlet–triplet crossings can provide more in-depth views
on such phenomena.
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Chem Phys 279: 133
27. HelgakerT, JensenHJA, JørgensenP,Olsen J,RuudK, ÅgrenH,
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