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ABSTRACT

We present results of single and three pulse photoselection studies of the dynamics of a fluorescent probe (Oxazine 4) in
the nematic phase of the liquid crystal 4-n-pentyl-4’-cyanobiphenyl (5CB). The combination of these techniques with
time resolved fluorescence anisotropy measurements allows the unambiguous determination of the full angular motion
of the probe together with the ground and excited state degrees of equilibrium (steady state) alignment. The restricted
JHRPHWU\ LPSRVHG E\ WKH QHPDWLF KRVW LV VHHQ WR LPSDUW D PDUNHG DQLVRWURS\ LQ� DQG φGLIIXVLRQ ��3���~4).
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1. INTRODUCTION

,Q DQ RUGHUHG PHGLXP LW LV FUXFLDO WR DFKLHYH D IXOO UHVROXWLRQ RI WKH RULHQWDWLRQDO �ERWK � DQG φ) dynamics as the
imposition of order gives rise to a marked departure from conventional (isotropic) molecular relaxation1-5. Molecular
order has to date been probed using a range of optical processes including Raman scattering6, laser induced
fluorescence7-9 and surface second harmonic generation10. Picosecond fluorescence anisotropy studies of molecular
probes have been shown to yield useful information on molecular order, orientational dynamics and photophysical
processes in both molecular and biomolecular systems1,11. Recent work in our group has shown that it is possible to
obtain information on the order and full angular motion of a fluorescent probe in an ordered environment using single
pulse variable photoselection and picosecond polarised fluorescence2-4. Here the variation of the excitation (linear)
polarisation gives rise to the creation of varying degrees of (non-equilibrium) cylindrically symmetric and asymmetric
probe alignment. Analysis of the subsequent fluorescence anisotropy signals yields the ground and excited state degrees
of molecular alignment together with the intrinsic rates for θ and φ diffusion in the laboratory axis system. This
approach has been highly successful in the study of systems exhibiting moderate probe alignment where the departure
from (otherwise) isotropic diffusion dynamics is well described by first order perturbation theory3. In single pulse
photoselection the creation of the maximum probe alignment orthogonal to the laboratory Z axis (in the case of liquid
crystals the nematic director) is achieved with an excitation polarisation angle of 90°4. This invariably leads to the
creation of both cylindrically symmetric and asymmetric degrees of excited state alignment and whose joint evolution is
reflected in the measured fluorescence anisotropy. The use of three beam photoselection which involves the net
photoselection resulting from three orthogonally polarised (Z plus X and Y), temporally coincident laser pulses allows
for the creation of cylindrically symmetric but orthogonal probe alignment12. A combination of these techniques affords
the unequivocal experimental determination of probe alignment dynamics within a nematic host.

Defining the measurement direction perpendicular to the Z axis as X, the probe fluorescence anisotropy R(t) at time t
following the application of an ultrashort pulse sequence (or single pulse) is given by1
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where ( )tex
20α  and ( ) ( ){ }tt exex

2222 −+ αα  are the time dependent cylindrically symmetric and asymmetric degrees of

excited state alignment. Their initial values are dependent on the photoselection process and the degree of order in the
ground state. From symmetry considerations to first order the diffusion dynamics in an aligned medium should be
linear3. For a medium exhibiting global cylindrical symmetry, these are expected to follow
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where (ss) denotes the equilibrium or steady state value of the probe alignment. The cylindrically symmetric and
asymmetric alignment rates τ20 and τ22 DUH UHODWHG WR WKH � DQG φ diffusion rates in the laboratory frame LABD⊥  and LABD||

respectively through

LABD
⊥

= 61 20τ                (3)

LABLAB DD ||22 421 += ⊥τ               (4)

Figure 1. (a) A schematic representation of the experimental arrangement and 180Û H[FLWDWLRQ�GHWHFWLRQ JHRPHWU\ IRU VLQJOH SXOVH

SRODULVHG SKRWRVHOHFWLRQ� 7KH H[FLWDWLRQ SRODULVDWLRQ DQJOH � LV YDULHG WR FUHDWH YDU\LQJ GHJUHHV RI F\OLQGULFDOO\ V\PPHWULF DQG

asymmetric excited state alignment. (b) Experimental arrangement used for three beam photoselection. The excitation from three
orthogonally polarised coincident pulses results in a cylindrically symmetric excited state; variation of the Z polarised beam intensity
relative to the (equal) X and Y beam intensities allows the cylindrically symmetric alignment to be controlled. Prism coupling is
required to ensure the necessary ±45Û SURSDJDWLRQ DQJOHV IRU WKH KRUL]RQWDOO\ SRODULVHG SXOVHV�
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2. SINGLE PULSE PHOTOSELECTION

The experimental arrangement for single pulse photoselection using a variable linear polarisation is shown in Fig 1a.
7KH H[FLWDWLRQ SRODULVDWLRQ DQJOH � LV WXQHDEOH EHWZHHQ �Û WR ��Û UHVXOWLQJ LQ D WUDQVLWLRQ SUREDELOLW\ RI WKH IRUP�
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In a medium with an axis of cylindrical symmetry parallel to the laboratory Z-axis the degrees of initial excited state
alignment are given by3
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where ( )α
K Q

gs ss' '
 are the normalised steady state moments of the ground state distribution function ( ( )α 00 1gs ss = ).

Evaluating matrix elements yields
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Variation of the excitation polarisation angle β from 0 to 90° allows the preparation of a range of initial degrees of
excited state alignment with increasing cylindrical asymmetry as β approaches 90°. This is accompanied by a decrease
in ( )α 20 0ex  which will tend, depending on the ground state order, towards a negative value as β nears 90°. The variation

of the cylindrically symmetric and asymmetric contributions to the excited state alignment of oxazine 4 in nematic 5CB
ZLWK H[FLWDWLRQ SRODULVDWLRQ DQJOH � LV VKRZQ LQ ILJXUH �� ZLWK WKRVH IRU DQ LVRWURSLF V\VWHP VKRZQ IRU FRPSDULVRQ�

Observation of the alignment dynamics for an excitation polarisation angle of β=0° will clearly reveal the θ diffusion
dynamics of probe molecules aligned predominantly along the laboratory Z-axis. For single beam photoselection (in a
positively aligned medium) the observation of θ diffusion for probe molecules aligned orthogonally to Z is invariably
convoluted with the asymmetric alignment dynamics. In a highly ordered environment such as an aligned mesophase of
a liquid crystal it is possible that the diffusion dynamics may well not be linear and the simple picture of alignment
relaxation above described in equation (2) will not hold. In these circumstances as clear an experimental picture of the
full alignment dynamics is highly desirable. To this end the ability to control the initial photoselected excited state
alignment whilst retaining an axis of cylindrical symmetry is highly desirable. This novel approach to alignment control
in polarised fluorescence experiments has recently been demonstrated and uses the net photoselection produced by Z, X
and Y polarised excitation pulses11.
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Figure 2. Excitation polarisation dependence of the cylindrically symmetric and asymmetric contributions to the initial
fluorescence anisotropy for oxazine 4 in 5CB (solid lines) and for an isotropic system (dashed lines). As the excitation
SRODULVDWLRQ DQJOH � LV LQFUHDVHG IURP �Û� LQFUHDVLQJ F\OLQGULFDO DV\PPHWU\ LV LQWURGXFHG LQWR WKH H[FLWHG VWDWH DOLJQPHQW�

3. THREE PULSE POLARISED PHOTOSELECTION

The background theory for three beam photoselection has been described in detail elsewhere11. The experimental
arrangement for three pulse polarised photoselection is shown in fig1b. We have shown in previous work that the
implementation of coincident equal intensity X and Y polarised beams with propagation angles of ±45Û WR WKH FROOLQHDU

Z polarised beam photoselects an excited state with no cylindrically asymmetric alignment11. For single photon
transitions within the mutual excitation volume the net excitation operator is given by an intensity weighted sum of the
individual transition probabilities
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where B(I) is given by the ratio of the input intensities,
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where IX and IY represent the equal intensity horizontally polarised excitation beams that propagate at ±45Û WR WKH =�

polarised beam. By varying the ratio of IX and IY to IZ, B(I) can be varied from 1 (IX=IY=0) to –0.5 (IZ=0). For an
isotropic medium this leads to an initial excited state anisotropy range tuneable between 0.4 to –0.5. Typical initial
excited state orientational distribution probabilities ( )0,,φθexP  arising from three beam photoselection for an isotropic

system as beam ratio B(I) is varied from 1 to –0.5 are shown in figure 3.
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Figure 3. In an isotropic medium, three beam photoselection allows for the control of excited state alignment whilst retaining
cylindrical symmetry as beam ratio B(I) is varied. For B(I)=1, an excited state orientational distribution (a) is formed which yields an
initial fluorescence anisotropy of 0.4. For B(I)=-0.5, an excited state orientational distribution (e) is formed which yields an initial
fluorescence anisotropy of –0.5. Although cylindrical symmetry is retained in the experiments with oxazine 4 in nematic 5CB,
isotropic and negatively aligned distributions such as in (c)-(e) are not observed, due to the intrinsic positive steady state alignment.

3.1 Application to an aligned medium

For an anisotropic medium the degree of excited state alignment is not only dependent upon the photoselection process
but also upon the intrinsic alignment of the ordered ground state. In the presence of an axially symmetric ground state
the initial fluorescence anisotropy is given by
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where k and A are experimental correction factors (see section 4.1.1)

4. EXPERIMENTAL REALISATION

4.1 Procedure

A schematic representation of the experimental apparatus is shown in fig 1b. The oxazine 4 doped (c.a. 10-4M) nematic
�&% ZDV KHOG LQ ����P WKLFN TXDUW] FHOOV� 7R SURYLGH D KRPRJHQHRXV DOLJQPHQW IRU WKH OLTXLG FU\VWDO HQYLURQPHQW� WKH

FHOOV ZHUH FRDWHG ZLWK D VXUIDFWDQW �SRO\YLQ\O DOFRKRO VROXWLRQ� DQG UXEEHG PHFKDQLFDOO\� $ FHOO SDWK OHQJWK RI ����P

ZDV FKRVHQ EHFDXVH LW IDOOV ZLWKLQ WKH ����P UDQJH RYHU ZKLFK KRPRJHQHRXV DOLJQPHQW SHUVLVWV13. The sample was
contacted by index matching fluid to a coupling prism, fluorescence collection and analysis utilised a collinear geometry
with respect to the normally incident Z-polarised excitation pulse (605nm, 7ps). Fluorescence was detected and recorded
using time correlated single photon counting (TCSPC) electronics. Particulars of sample preparation, the TCSPC system
and associated components have been described in detail elsewhere4,14.
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Two preliminary measurements were made using a single pulse at 0Û LQFLGHQFH ZLWK H[FLWDWLRQ DQJOH � �Û DQG � ��Û�

The initial values of the two fluorescence anisotropies can be used to determine the K=2 and K=4 moments of the
ground state distribution. In order to determine accurately these and other fluorescence observables it is necessary to
take account of the alteration of the fluorescence anisotropy by the ordered sample and optical system, this results in the
determination of two parameters and is described below.

4.1.1 Corrections to the fluorescence anisotropy

In a birefringent medium the vertical and horizontally polarised components of the fluorescence anisotropy are
unequally affected by local field effects and differential reflection losses at the boundary between the sample the cell
wall15. Application of these considerations to emission from a molecular probe in a nematic host we obtain16 the
anisotropy correction factor k given by,
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In this analysis k is uniquely determined by the extraordinary and ordinary indices of refraction of the medium (ne and
no) and the refractive index of the sample cell wall ng. The temperature and wavelength dependence of these for 5CB are
well known17, however correction for the change in the nematic isotropic phase transition and averaging over the
fluorescence emission spectrum is necessary14. We have recently shown that it is possible to determine k independently
by a series of fluorescence lifetime and anisotropy measurements16,18, the values yielded by both methods are in general
agreement. For oxazine 4 in 5CB at T=25°C k=1.12463.

The second correction factor labelled the A parameter takes into account the reduction in the fluorescence anisotropy
from theoretical values due the possible contribution of a number of molecular and experimental factors. Principally
these are the non-parallelism of absorption and emission transition dipole moments3, depolarisation due arising from
sample concentration and path length effects19 and depolarisation by the collection optics. The A parameter is
determined by the departure of the initial fluorescence anisotropy from its theoretical value in an isotropic sample4. For
liquid crystalline media the sample is raised to the a few degrees above the nematic isotropic phase transition
temperature where departure of R(0,β) from theory is then determined14. For oxazine 4 in 5CB this approach yielded a
value for A of 0.881.

4.1.2 Prism Coupling

In order to achieve the conditions whereby net cylindrical symmetry is maintained by three pulse photoselection, it is
necessary for the horizontally polarised beams to propagate through the sample at ±45Û WR WKH = SRODULVHG H[FLWDWLRQ

pulse. From Snell’s Law for propagation at 45Û WR WKH QRUPDO WKH LQFLGHQW OLJKW DQJOH �air at the air glass interface for a
sample must satisfy

2sin sampleair n=ξ              (12)

It is clear therefore that nsample � ¥�� KRZHYHU LQ KLJKO\ RUGHUHG PHGLD VXFK DV �&% nsample is greater than ¥�� VR SULVP
coupling is necessary to achieve 45Û VDPSOH SURSDJDWLRQ� 'HWDLOV RI WKLV DUH GHVFULEHG HOVHZKHUH12.
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4.1.3 Propagation angle determination.

The correct propagation angle of 45Û IRU WKH ; DQG < SRODULVHG EHDPV FDQ EH HVWDEOLVKHG IURP PHDVXUHPHQWV RI WKH

initial anisotropy relation for horizontally polarised excitation (β=90Û� ZLWK YDU\LQJ H[WHUQDO SURSDJDWLRQ DQJOH �� 7KH

variation of RH ZLWK � LV JLYHQ E\12,
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The predicted variation in RH ZLWK SURSDJDWLRQ DQJOH � IRU R[D]LQH � LQ �&% LV VKRZQ LQ ILJXUH �� ��°propagation in the
sample corresponding to an initial anisotropy of 0.325. The angle of incidence of the horizontally polarised beam was
varied until the target anisotropy of 0.325 was reached. The second horizontally polarised beam was similarly aligned
and care was taken to ensure the three beams were spatially and temporally overlapped in the sample. Fluorescence
anisotropy measurements were then made with varying values of beam intensity ratio B(I) from 1 [Z-polarised
excitation] to –0.5 [X and Y polarised excitation].
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Figure 4. A plot of the variation in the initial anisotropy with angle of incidence ( )ξ,0HR  for oxazine 4 in 5CB predicted by the

ground state moments. The predicted (target) initial anisotropy value for 45° propagation is 0.325.
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5. RESULTS

Fluorescence anisotropy decays following three beam photoselection for oxazine 4 in 5CB are shown in figure 5. All the
decays can be fitted to a single exponential lifetime, which is in excellent agreement (within experimental uncertainties)
with the lifetime obtained for a single beam photoselection experiment using vertically polarised light. The single beam
DQLVRWURS\ GHFD\ ZLWK DQ H[FLWDWLRQ SRODULVDWLRQ DQJOH � ��Û IRU R[D]LQH � LV LQFOXGHG IRU FRPSDULVRQ�
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Figure 5. Three beam anisotropy decays (curves A to E) obtained for Oxazine 4 in 5CB (5x10-4
0�� ZLWK D VLQJOH EHDP � ��Û

anisotropy decay (curve F) shown for comparison. The intensity ratio B(I) is varied from –0.5 (X and Y polarised photoselection)
through to 1 (Z polarised photoselection).

Oxazine 4 curve label Beam ratio B(I) 220 (ns)
A -0.500 11.9 ± 0.3
B 0.096 12.0 ± 0.5
C 0.477 12.5 ± 0.2
D 0.738 12.2 ± 0.9
E 6LQJOH SXOVH SKRWRVHOHFWLRQ� � �Û� %�,� �� 220=12.06±1.15ns
F 6LQJOH SXOVH SKRWRVHOHFWLRQ� � ��Û� 222=4.04±0.01ns

Table 1. The anisotropy decays for oxazine 4 in 5CB yield (within experimental uncertainty) the same corrected single exponential
lifetime as that obtained for single beam Z-polarised excitation.
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The three beam photoselection experiment provides a variable degree of alignment selectivity whilst retaining
cylindrical symmetry. The tuning range of initial anisotropy depends upon the value of beam ratio B(I) for a given set of
ground state parameters and correction factors. The predicted maximum and minimum degrees of initial alignment can
be determined from equation (10) where B(I) is 1 and –0.5 respectively: this gives,
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where <P2> and <P4> are the more commonly used 2nd and 4th rank order parameters used to describe cylindrically
symmetric samples20 these are related to the alignment moments through

120 += KP KK α             (15)

The tuning range of initial anisotropy measured for oxazine 4 in excellent accordance (i.e. within experimental error)
with the predicted maximum and minimum initial anisotropy values, as shown in table 2.

   OXAZINE 4, T=25Û& B(I) Rpredicted Robserved

1 0.42 0.42 ± 0.01<P2> = 0.3949
 <P4> = -0.2245
      k   = 1.12463

 A   = 0.861
-0.5 0.33 0.32 ± 0.01

7DEOH �� 7KH JURXQG VWDWH SDUDPHWHUV REWDLQHG IURP WKH VLQJOH EHDP � �Û DQG ��Û FXUYHV SUHGLFW WKH LQLWLDO DQLVRWURS\ WXQLQJ UDQJH

that should be possible using three beam photoselection. The observed tuning range is in excellent agreement with predictions for
oxazine 4 in 5CB.

7KH V\PPHWULF DQG DV\PPHWULF DOLJQPHQW UHOD[DWLRQ WLPHV �220 DQG 222) can be determined by fitting the single photon
SKRWRVHOHFWLRQ DQLVRWURS\ GHFD\V IRU � �Û DQG � ��Û� ,QFOXGLQJ FRUUHFWLRQ IDFWRUV� WKH ILWWLQJ IXQFWLRQ IRU WKH DQLVRWURS\

decays took the following form:
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Knowledge of the ground state order parameters and correction factors‡
DOORZV 220 WR EH GHWHUPLQHG IURP WKH � �Û FXUYH�

$QDO\VLV RI WKH � ��Û FXUYH D NQRZQ YDOXH IRU 220 LV WKXV VWUDLJKWIRUZDUG DOORZLQJ 222 to be determined. It is assumed in
this step that θ diffusion (symmetric alignment relaxation) is independent of the initial molecular alignment. This is
confirmed by the three beam excitation measurements where cylindrically symmetric alignment relaxation is seen to be
independent of initial molecular orientation. From equations (3) and (4) the cylindrically symmetric and asymmetric
alignment relaxation times can thus be used to determine the intrinsic θ and φ diffusion rates in the laboratory frame
( LABD⊥  and LABD||

), these are displayed in table 4.

20τ (ns) 22τ (ns) LABD⊥≡θγ  (×10-7s-1) LABD||≡φγ  (×10-7s-1) θφ γγ
12.06±1.15 4.04±0.01 1.3820±0.0007 5.4971±0.0007 3.98±0.02

Table 4. Values for the cylindrically symmetric and asymmetric relaxation times for oxazine 4 in 5CB together with the
FRUUHVSRQGLQJ � DQG φ diffusion rates relative to the nematic director (laboratory Z axis).

The anisotropy in the intrinsic θ and φ diffusion rates is marked with γφ ≅  4γθ. The relative reduction in the θ diffusion
rate is seen to go hand in hand with the restricted range of θ orientations the probe is allowed to adopt in the nematic
host. Following the analysis15 of Durbin et al. the <P2> and <P4> order parameters can be used to determine the oxazine
4 ground state distribution. At 25° this is seen to be sharply peaked at θ=40° and 140° to the nematic director with an
approximate Gaussian width of 31°. Diffusion of the probe in the φ co-ordinate is unrestricted, the steady state value of
all moments with Q ≠ 0 are necessarily zero in a cylindrically symmetric host.

A direct experimental verification of the difference in cylindrically symmetric and asymmetric relaxation is provided by
a comparison between the evolution of the fluorescence anisotropy from cylindrically symmetric (3 beam excitation) and
asymmetric molecular arrays (single beam excitation β>0°) with the same initial anisotropy. Figure 5 shows that the
range of initial anisotropy that can be created by single pulse photoselection covers the entire three beam tuning range. It
is therefore possible to create an excited state via single photon photoselection with the same initial anisotropy as that
created by three beam photoselection. The clearest case is provided by purely horizontal excitation (B(I)=–0.5) the
corresponding single beam excited state will have the highest asymmetric alignment contribution. This offers a direct
observation of the difference between cylindrically symmetric and asymmetric probe alignment relaxation, as shown in
figure 7.
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Figure 7. Fluorescence anisotropy evolution in oxazine 4 doped 5CB, relaxation back to the steady state anisotropy (<P2
EX>) of c.a.

0.37 is clearly more rapid in the case where the cylindrically asymmetric alignment is maximised.

‡ The inclusion of correction factors result in a correction to the lifetimes of c.a. 10% only.
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6. CONCLUSIONS

The combination of three and single pulse photoselection has proven to be a powerful tool in understanding the
dynamics of a molecular probe in an ordered host. In the oxazine 4-5CB system in spite of the high degree of intrinsic
probe order (<P2

EX> c.a. 0.37) the alignment dynamics are seen to be wholly independent of the initial molecular
orientation and conform well to first order relaxation processes as predicted by perturbation theory and simple symmetry
considerations.
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