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Directional energy transfer in columnar liquid crystals: A computer-simulation study
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We have investigated energy transfer between solute molecules in systems of discotic Gay-Berne molecules
forming columnar as well as isotropic and nematic mesophases, employing computer experiments that combine
Monte Carlo simulations of the phase structure and a stochastic approach to the transfer. The time-dependent
excitation probability and the mean square displacement of the initial excitation show an enhanced energy
transfer in the columnar phase, with a faster energy transfer along the columpBaxi63-651X98)08308-1

PACS numbgs): 61.30.Cz, 82.20.Rp, 87.15v, 34.10+x

[. INTRODUCTION nescence studies on the pure compoldrid and in the pres-
ence of perylene energy acceptptg]. However, a full un-
Energy transfefET) provides a fast and efficient way of derstanding of ET is intrinsically complicated because the
transporting excitation energy in condensed phases from afansfer rate depends, as we shall recall latef 1@, on the
initially excited molecule to one further awdg]. In natural ~ Positions and orientations of the molecules exchanging en-
photosynthetic systems a radiationletigole-dipole or Fa- ~ €rgy. Thus in setting up a modeling procedure for ET in a
ster, type mechanism has been invoked to explain the rapigertain condensed phase a proper accounting of the
excitation hopping from one chlorophyll molecule of the positional-orientational pair distributions and of their tem-
light-harvesting antenna system to another until the photoPerature dependence is essential.
synthetic reaction center is reachi@j3]. The process takes [N columnar systems it is also important to examine the
place over long distancggd0-50 A and it appears to be a conditions for having transfer mainly confined within a col-
particularly interesting system for transporting excitation en-Umn (energy guide effegtas opposed to intercolumn hop-
ergy. Indeed a number of recent worlege, e.g.[4,5]) have  Ping (leakage.
proposed rational molecular designs for artificial light har- We have recently proposed a simple yet powerful method
vesting antennas based on building dendrimeric supermopf tackling the ET problem that consists of coupling a com-
ecules[6] or assemblies of multiporphyrif#] or phtalocya- ~ Puter s[mulauons calculation of eqwllprlum positions and
nines[5] pigments in ordered films. orientations of all molecules of a certain system and a Mar-
It is therefore not surprising that much interest also exist&ovian simulation of the transfer proceisst]. In a first ap-
in finding ways of channeling this transport, which can, inplication, we have employed the method to simulate the ef-

principle, occur over all space, along a certain specific direcfect of a phase change from isotropic to nematic and smectic
tion. in a system of Gay-Berne rodlike moleculds$] containing

Columnar discotic mesophasgg| consist of stacks of @ certain concentration of chromophores and we have shown

mesogenic molecules that seem particularly interesting aow the ordering and particularly the smectic layering cause
molecular materials for strongly directional transfer. In anchanges in the anisotropy of the transfer rate and in the po-
idealized sense they constitute a sort of bundle of moleculd@rization anisotropy of the emitted fluoresceridd]. This
wires, with a discotic core surrounded by alkyl chains sepaMonte Carlo—Markov method seems to be ideally suited to
rating the columns. The columns themselves often have Heat the problem of ET in discotic molecular systems that
certain regular structure, for instance, hexagonal in the planorm columnar mesophases, that we have chosen to tackle
perpendicular to the columns, providing a kind of bundle ofhere.

would-be molecular wires. It should also be mentioned that

there are many possibilities of changing the molecular design Il. ENERGY TRANSFER

of the columns. Indeed, even though columnar systems are a In the Foster t fET ad " and o tor”
relatively recent acquisition to the liquid-crystal family, there ype 0 a ~donor- and an -acceptor
exists an already very large and continuously growing vari-mmeCUIe are cpupled by a d|pole-d|pole resonance.m.echa-
ety of mesogenic corg8,9], which can also effectively act nism. The _e?<0|tat|on energy 1S trgnsferred nonradiatively
as host for guest chromophores. Moreover, the radius of thferorn the qngmally excited donor with an average rate that
disks and the spacing between the columns can be varied, f6P1 be written as

instance, by changing the length of the chains normally at- Qy | K3(F ) £ (D) e(P)
tached to the cores. Fast photoconduction along the column y (t)=ga <2 ( = A HDHA) f a4,
axis has also been definitely demonstrated by Ringsdorf and n°r rgA . 0 v
co-workers in highly ordered discoti¢&0]. (1)

As far as ET is concerned, pioneering investigations of
energy migration in columnar phases have been performesyherea is a numerical constaritl,13], = and Qq are the
particularly on hexakis-alkoxytriphenylene, by Markovitsi lifetime and the quantum yield of the donor in the absence of
and co-workers using steady state and time-resolved lumiransfern is the scalar refractive index of the mediurgy is
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z TABLE I. The chosen Gay-Berne state points and the decay
y A’med times( rgy) for 128 donors andR,=1.0c%.
light
7{ h T* Phase (P,) (Ref.[15) (en)
1.0 Columnar 0.9920.002 0.304 0.002
< 4.0 Columnar-Nematic 0.9630.005 0.35@:0.004
8.0 Nematic 0.616& 0.030 0.355:0.005
M 20.0 Isotropic 0.0480.017 0.363:0.007
h «—Z»
/ i
. 1/ R 6
Incident 0
light kDA:;(E) . 3)

FIG. 1. Experimental geometry considered in the simulationsThe
The exciting plane polarized light parall@l) or perpendiculath) which transfer and radiative decay are equally probable and
to the director(assumed along) propagates along the axis and has the following expression:
impinges on the sample placed at the origin. The emitted fluores- g exp )
cence is observed through a polarizer alongYhexis. onfmfﬁ)e(T})

“Forster radius” R, represents the critical distance at

6

Ozaw Cﬁ;, (4)

~4
14
the separation between the two molecules. We shall later use 0

Tasa time scaling facto_r. The_integral is the overlap betweegptained averaging the orientation faciet over a random
f(#), the fluorescence intensity of the donor ae@) the  qrientational distribution of molecules to get the vafuet is
absorption coefficient of the acceptor in the wave numbe{isefy| to employ this definition dR, as an indication of the
range? to 7+dv, normalized so thaf,f(¥)d?=1. The  gpatial range of the transfer also in the more general case of
anisotropic quantityx(fpa,mp,ma) depends on the unit anjsotropic media even if the orientational average owill
vectorsup , pa defining the orientation of the transition mo- then be different from case to case.
ments for donor and acceptor with respect to the laboratory The combined average in E€l) is extremely compli-
frame, as well as on the donor-acceptor separation unit vegated to evaluate and a number of simplifying assumptions
torrp, at time t: are normally made. Since ET is much faster than molecular
translation and reorientation, it is oftébut with some no-
R . R table exception§16,17)) assumed, as we shall do here, that
K(rpa, Mo Ma) = mp- a—3(mp-Tpa)(ma-Tpa)- (2)  equilibrium positions and orientations of the molecules are
frozen while the transfer process takes place. The assump-

The angular brackets in E¢l) define a two-particle spatial- .
orientational-time average over the positions and orientations
of particlesA and D between the start of excitatiofime
zerg and a later observation timeln isotropic systems and
when the Fester rate can be isotropically averaged over ori-
entations one has

(b)

FIG. 3. Snapshots of the Gay-Berne system at the selected tem-
peratures(a) T* =20.0(b) T*=8.0, (c) T*=4.0,(d) T*=1.0. The
gray level of each molecule is related to the orientation of the mo-
FIG. 2. Theface-to-facga) andside-by-sidgb) configurations lecular symmetry axis with respect to the directehite if parallel,
for two Gay-Berne disklike particles. black if perpendicular
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FIG. 4. Excitation ProbabilityG® for the four examined tem-
peratures; 128 donorf,=1.005. (@) T*=1.0, (b) T*=4.0, (c)
T*=8.0,(d) T*=20.0.

tions mentioned reduce the calculation to a two-particle
static average of the dynamic transfer evolution, which, how-
ever, is still a major problem, since it requires the pair dis-
tribution of the chromophores. The various current theories
[18-21] do not allow for correlations between the orienta-
tions of the luminescent molecules, a particularly important
aspect for anisotropic systemi®2] that we wish instead to
tackle here.

In previous treatments of ET in columnar systegr$,12]
only truly one dimensionali.e., intracolumnar processes
have normally been treated. An exception is a recent work of
Markovitsi and collaboratorf23] where, however, a prede-
termined distribution of centers on a regular lattice was as-
sumed. This clearly prevents the possibility of studying the
effect of temperature within a certain phase and of a transi-
tion from one phase to a different one.

Ill. THEORETICAL MODELING
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FIG. 5. Polarization Anisotropy for the four examined tempera-
tures; 128 donorsRy=1.005. (@) T*=1.0, (b) T*=4.0, (c) T*

zontal excitation.

Following our previous treatmeriti4], we consider ET

=8.0, (d) T*=20.0. (a r,(t), vertical excitation;(b) r,(t), hori-

under the assumption that the fluorescence decay and energiular to the directotassumed along), i.e., vertical(v) or

migration take place on a time scale much shorter than tha{orizontal(h) and introduce the respective anisotropy ratios
of molecular translations and reorientations, a limit wherey,(t),

the viscosity is assumed to be so high or in any case rotation

so slow that there is no rotational depolarization of emitted

Izz(t) —12x(1)

fluorescence. (= 2,00 ®)
. . . YA ZX
The incoherent transfer of electronic energy is assumed to
be a stochastic Markov process with hopping betwblen Lexd() = Iy (1)
states corresponding to the chromophore molecules involved rn(t)= X0 XB (6)
Ixx(t) +21xz(t)

[24-28. In this description of the process evolution we do
not follow the individual excitation jumps from pigment to
pigment but we calculate therobability p(t) of the excita-
tion being on moleculé at timet.

The definition of the master equation that describes th a

time evolution ofp;(t) and its solution are presented[it¥]
with the quantities of interest for our study: the excitation
decay of the initially excited dond&S(t), the characteristic
decay time({7g7) and the fluorescence anisotropft). For
the calculation of (t) we use here a set of equations appr
priate to the columnar structure of the system and to the
planar location of the transition dipoles that we assume for

We derive the expressions for the intensitiggt) and

the discotic molecules. We consider the experimental geom-

etry in Fig. 1 with excitation polarization parallel or perpen-

wl=cosa; cosB; cosy,—sina; siny, ,

m\)=sin a; cosB; cosy;+cosa; siny; |

I;;(t) from the theory of time-dependent fluorescence depo-
rization in liquid crystals developed in Refgl4,29,3Q.

e consider a system of molecules with the symmetry axis
of orientations &;,;), and in practice here we concentrate
on disk shape pigments. We can explicitly define the orien-
tation (uy,uy,u;) Of the transition dipole, that we consider
c)_perpendicularto the symmetry axis as

(7)
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20 T T T T N¢
|zx(t):<M(zl)(O)22 p}(t)%[M(x’)(t)2+u(y”(t)2]> ,
Ler b =1 conf
b )
, 1.2 - T 7
<r (> ¢ Ixx(t)=<%[M§‘><0>2+M§”<0>21
0.8 - 1
NC
04 : x 2 p}(t)%m&“<t>2+u;’><t>z]> ,
=1 conf
0.0 : : : : (10
0.0 0.8 1.6 24 32 4.0 1 . ]
i |xz(t):<§[M§<I)(0)2+M§/|)(O)Z]
FIG. 6. Mean-square dimensionless displacengf(t)) for the N,
four examined temperatures; 128 dond®g=1.00. (a) T*=1.0, i () /412
(b) T*=4.0,(c) T*=8.0, (d) T* =20.0. ijl Pj(t) a7 (1) - (1D
con
M(zi)= —sin B cosvy; , where p}(t) is the probability for thgth molecule of being

excited at timet, after having excited théh at time 0 in a
wherevy, is the angle of a rotation around the molecular axis.certain configuration, calculated as in Rigif4].
We choose this rotation at random accordingly with the Even in a frozen system, where no rotational depolariza-
uniaxial symmetry of the molecule. The expressions for theion exists, the emitted fluorescence radiation will be depo-
intensities become larized by the ET process, as long as the order is not com-
plete. Indeed at very long times, when excitation and
) Ne ) emission can be assumed to be uncorrelated, it is possible to
IA(t)={ u'(0)2>, p}(t),u(z”(t)2> , (8)  obtain the second rank order parametes) from the pla-
=1 cont teau values; (=) [29].

FIG. 7. Three-dimensional representation of the time evolution of the excitation probabilitf*fer20.0 (isotropic phasg R,
=1.00,, for different time stepst* =0.00 (a), t* =0.05 (b), t*=0.10(c), t* =1.0 (d). The gray level of each molecule is related to its
excitation probability according to the palette shown: the histogram and the numbers on the right give the number of molecules with the level
of excitation probability(normalized to 18) indicated on the left. Only the chromophore system is shown.
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FIG. 8. Same as Fig. 7 for* = 1.0 (columnar phase

-1 the strengthe and the range parameter depend on the
ru(®)=—-(P2), (120 orientations of the two particles and on their intermolecular
separation vectors also depends on molecular parameters
(P)(6+(Py)) such as the widtws, _and the thicknesee o_f the disk(Fig.
h(oo)= W (13 2). The GB potential is particularly interesting for the present

work because, by choosing suitable parameters, it can also

This is particularly important for structural investigations, model columnar mesophaskg?]. Its explicit form is

because it shows that the orientational order parameter for, . . A A oA

the pigment can be obtained from a suitable concentratiol’ c(Ui »Uj ,7) =4€se(U; ,uj,r)

depolarization experiment even when an ordinary rotational 1

depolarization study, based on low concentration measure- e

ments, is useless because of the high viscosity of the solvent. [ r— (0,0 1) +o ]
Another quantity that we have found useful to describe e €

X

the evolution of the ET process is the mean square dimen- Oo 6
sionless displacemefit2(t)) of the excitation from the ini- - — (15
tial site defined as r—o(u,uj,r+oe
, Ne , with unit vectorsu;, U; defining the orientation of the axis of
(re(n) = ,Zl pj(t)-(rj/as) ’ (14 particlesi andj; r=r;—r;=rr the intermolecular vector of
conf

lengthr. The rather complicated anisotropic contact distance
wherep;(t) represents the excitation probability of tita (Ui, U;,r) and interaction energy(u; ,u;,r) are defined as
molecule placed at a distancgfrom the initially excited one  in [31]. We employ a parametrization related to that used by
and o is the width of the discotic molecule, here used asEmerson, Luckhurst, and Whatling ir82] and originally

unit of length(see next section based on the dimensions of a triphenylene core, namely,
shape anisotropyo./os=0.345, interaction anisotropy
IV. COMPUTER SIMULATIONS €./ es=5, but using instead energy parametgrs 1 andv

=3 as in Ref.[15]. This different choice has the effect of
We consider a solute-solvent system formed of disklikelowering the well depths of thiace-to-faceandside-by-side
ellipsoidal molecules interacting with the Gay-Ber(@B) configurations(Fig. 2), thus enhancing the formation of a
potential [31], an anisotropic and shifted version of the highly ordered columnar phag83,34. More interestingly
attractive-repulsive Lennard-Jones 6-12 interaction, whergvith this parametrization the array of columns presents an
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006 1"

FIG. 9. Energy transfer probability density function
G3(cos(B;),t) for propagation at an anglg, with respect to the
director. HereRy=1.00s, 128 donors:(a) T*=1.0 (columnar
phasg, (b) T* =20.0 (isotropic phasge

hexagonal structure, as found in various real sysfdrbg 2,
rather than a rectangular one as in H&R2]. In preparation
of the ET study, we have first performed canonicainstant
number of particled, volumeV, temperaturd) simulations
at the same scaled densji =No2/V: p* =2.5,N=1C to
approximately locate the phase boundaries.and e, are

chromophore solutes and the solvent molecules have the
same interaction potential. Thus, after the standard Metropo-
lis Monte Carlo(MC) method has been used to generate
equilibrium configurationsN.=128 chromophores are se-
lected at random out of the total df The ET process then
takes place only among these particles; in order to imitate an
infinite system we make use of periodic boundary conditions
with the so-called minimum image convention. For this par-
ticular chromophore arrangement tNgx N, transition ma-

trix is constructed and diagonalized, next the observables are
calculated. The average over the above mentionédctf-
figurations takes abo® h on aHP-735 work station using
BLAS and LAPACK [35,36 Fast Matrix Multiply and diago-
nalization routine$35,36].

V. RESULTS AND DISCUSSIONS

In Fig. 4 we plot the deca%3(t) for the four examined
temperatures with range parameRy=1.00 andN.=128
donors. We can see that there is a faster decay of the initial
excitation in the columnar phageurve a) although the ef-
fect is not large. It is interesting to observe that from the
isotropic to the highly orientationally ordered phaseTét
=4.0, close to the nematic-columnar transition, the decay
results mostly unaffected by the increase of orientational or-
der. We believe that the positional order, due to the columnar
arrangements, is responsible for the faster decay observed in
the phase al* =1.0. This can be observed also in Table I,
where we report the calculated characteristic decay times
(7e1). We consider this behavior as a confirmation of the
conclusions obtained in our previous wdii].

Particularly important is the effect of phase transforma-
tion on the polarization anisotropy. In Fig(aéh we display
plots forr,(t) at Ry=1.005 and 128 donors. This quantity
depends strongly from the order and we see a considerable
difference between the four cases. It must be stressed that the
experimental geometry considered in the calculation, ¢f)
does not appear to be the most appropriate for the highly
ordered phases. Indeed, as the order increases, particularly in
the columnar phase, a molecule wghin the disk plane will
absorb less and less radiation when the excitation is vertical.
It is therefore useful to consider also the anisotropft)
obtained from a horizontal excitation. The result fg(t) is
shown in Fig. %b).

In Fig. 6 we show plots of the mean square dimensionless
displacementr?(t)) for the four examined temperatures at
Ro=1.00 and 128 donors. The basic profile of the curves,
with a maximum, results from the competition between the
spatial evolution of the fluorescence excitation and the fluo-
rescence decay. This quantity gives an indication of the dis-
tance that the excitation can reach from the site in which it

used as molecular units of length and energy. The cutofivas originated and as for ti&*(t) it is possible to notice the

radius adopted ig.=1.405,. We have then chosen four
scaled temperature$* =kT/es corresponding to different

difference in the behavior of the ET in the columnar phase
with respect to the other examined phases.

phases. In Table | we report the selected temperatures with The change in the evolution process brought about by the
the type of mesophase obtained and the order paramettarmation of the columnar phase is better illustrated in the

(P,), calculated as in Ref15]. In Fig. 3 “snapshots” of the

next two pictures(Figs. 7 and 8 Here we show a three-

molecular configurations corresponding to the selected tendimensional representation of the chromophore system and

peratures are reported. For each temperatuteedQilibrium

of the time evolution of the excitation transfer for an isotro-

configurations were generated in order to calculate the spegic and an highly ordered columnar system. For clarity we
troscopic observables. We assume for simplicity that thelo not show the whole GB system but only the molecules
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involved in the transfer process. The gray level of each molsolution of the master equation for the time evolution of ET

ecule is related to its excitation probability according to thethat allows full inclusion of positional and orientational order

palette shown: the histogram and the numbers on the righand correlations. We have examined the effects of a phase
give the number of molecules that possess a certain level ahange, from isotropic, to nematic and columnar, on the
excitation probability and the value is indicated by the num-qualitative and quantitative features of the ET for a set of

bers on the left multiplied by 0 We see that the propaga-

chromophores dissolved at a certain concentration. We have

tion of excitation from the initial event is essentially spheri- found, from the observation of the excitation probability
cal in the isotropic phaséFig. 7). On the contrary, in the evolving in spacé€Figs. 7 and 8that as the system organizes
columnar phaséFig. 8), propagation proceeds mostly along itself in columns, the excitation transfer is more effective
the columns, thus not only with greater speed but also in along the columns.

nonspherical way.

The results obtained from our simulations suggest the

This can be quantified calculating the probability densitystudy of disklike mesogens with increased molecular diam-

for molecules at separation vector directibpas a function

of the orientation offij with respect to the directon,
G5(cos(B),t)

G3(cog By),1)=(8(r;;- n—cog B))P;(D)cont.  (16)

wherep}(t)zp(rij ,fij 1) is the probability for a moleculg
at a separatiom;; from the initially excited molecule of
being excited at timé. The plot of the configuration aver-
aged quantityG3(cos(3;),t) at two temperatures in the co-
lumnar and isotropic phagsé&ig. 9) does indeed support the

indication of the snapshots in Figs. 7 and 8 of a strongl;ﬂ1

anisotropic ET in the ordered mesophase.

VI. CONCLUSIONS

We have examined energy transfer in a liquid crystal that

eter to thickness ratio. This modification, obtained experi-
mentally e.g., using longer substituents around the me-
sogenic core of the molecule, should lead to columnar phases
with more separation between adjacent columns but the same
intracolumnar spacing, thus enhancing the tranafeng the
columns. The control of the shape anisotropy parameter as
well as of the coupling radiuR, may allow the design of a
molecular system characterized by larger modifications in
the rate and extension of the ET process when it crosses the
nematic-columnar phase transition. This in turn could offer
interesting possibilities of quasi-one-dimensional transfer in
aterials that are self-assembling and, being fluid, self-
ealing.
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