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Abstract

We have examined the photon statistics of single tetrahedral based oligophenylenevinylene (TOPV) molecules using photon pair

correlation spectroscopy (PPCS). The second-order correlation function gð2ÞðsÞ can be obtained from PPCS and the value of gð2ÞðsÞ
at small s can be used to quantify the number of chromophores involved in emission. Comparison of gð2ÞðsÞ obtained from OPV

‘arms’ versus TOPV revealed limited interchromophore coupling in TOPV. Unlike previous studies on interchromophore coupling

in organic semiconductors, TOPV molecules are able to sustain simultaneous emission from multiple arms.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

The potential for organic semiconductors as the ac-

tive layer in devices such as organic light emitting diodes

(OLEDs) has garnered significant research interest over

the past several years. One promising materials platform

is to produce low molecular weight oligophenylenevin-
ylene (OPV) molecules whose structural and photo-

physical properties can be strictly controlled [1,2].

Although films cast from OPVs have high quantum

yields, they exhibit significant crystallinity which gives

rise to strong interchromophore interactions such as

aggregate emission, and excimer formation [3]. These

interactions tend to have a detrimental impact on device

performance. To preclude chain packing in films, a tet-
rahedral based oligophenylenevinylene (TOPV) mole-

cule was synthesized which contains four OPV ‘arms’

bound to a tetrahedral carbon core (Fig. 1). TOPV has

been successfully used as the active layer in OLED de-

vices [4,5] where its unique geometry directs the for-

mation of amorphous films directly from solution.

In addition to their application in devices, the con-

figuration of these TOPVs raises interesting fundamen-
tal questions about the nature of interchromophore
* Corresponding author. Fax: +8058934120.

E-mail address: buratto@chem.ucsb.edu (S.K. Buratto).

0009-2614/$ - see front matter � 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.cplett.2004.02.085
coupling and how this is manifest in its photophysics.

Specifically, can the excited state of this supermolecule

be characterized as the product of four independent

chromophores as opposed to a superposition of the ex-

cited states of four chromophores. Correspondingly, can

a single tetrahedral molecule contain more than one

excited chromophore and emit two or more photons
simultaneously?

A previous study from our group [6] of the photo-

luminescence from single TOPV molecules has shown

evidence of interchromophore coupling in the form of a

well defined polarization anisotropy and intensity fluc-

tuations indicative of collective behavior. In order to

probe the extent of any interchromophore coupling in

an isolated molecule a more definitive experiment is
required.

The observation of photon antibunching has been

used to unambiguously prove the inherent quantum

mechanical nature of atomic systems [7,8], organic dyes

[9,10], and semiconductor quantum dots [11,12]. Photon

antibunching arises from the fact that the joint proba-

bility for the detection of photons at time, t, and t þ s
vanishes as s goes to zero due to the finite time required
to absorb and then emit a photon. For a stream of

photons, this can be measured as the photon pair co-

incidence distribution C(s) where time intervals, s, be-
tween photons are measured versus their occurrence.
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Fig. 1. Structures of OPV (6R-4OC8H17) (a) and TOPV (T-6R-4OC8H17) (b).
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For a single quantum emitter, C(s) drops to 0 as s goes

to 0. It has been shown that photon pair coincidence

measurements can be used to determine the number of

quantum emitters in a given collection volume [13–15].

For a number of emitters, N , the value of C(0) scales as
[1� 1=N ]. In this Letter, we report on photon pair co-

incidence distributions measured for both single OPV

and TOPV molecules. The value of N obtained for a
given distribution gives insight into the role that inter-

chromophore interactions play in these multichromo-

phoric systems.
Fig. 2. 9� 9 lm fluorescence image of TOPV molecules spatially iso-

lated on a glass coverslip. The maximum depicted intensity is 12 kcps.
2. Experimental

Single molecule samples were prepared by spin cast-
ing a 30 lL aliquot from a 0.1 nM toluene solution onto

a clean glass slide yielding a mean separation between

molecules of 1 lm. Fluorescence images from single

molecules were collected using a home-built laser scan-

ning confocal microscope (LSCM) described elsewhere

[16]. An example of this image is presented in Fig. 2. All

experiments were performed under strict anaerobic

conditions.
Intensity fluctuations of single molecules were char-

acterized by simultaneously measuring both the inten-

sity trajectories and the photon pair arrival time

distributions. Intensity trajectories were obtained by

measuring the photocounts per 160 ls bin over hun-

dreds of seconds. Photon pair arrival distributions were

obtained with a setup analogous to the Hanbury–

Brown–Twiss (HBT) apparatus which uses two APDs to
overcome the 50 ns dead time of the individual APD.

Signals from each of the two APDs were used as the

start and stop channels of a time correlated single

photon counting PC-Card (TCSPC, TimeHarp 200,

Picoquant GmbH) with a 60 ns switchable cable delay

on one channel to ensure that s ¼ 0 was centered within
the TAC window. During data collection, the TCSPC

card was set at its highest temporal resolution of 37 ps
and coincidence counts were stored in 100 ms segments.

We determined our instrument response by measuring

the coincidence distribution generated by elastically

scattered 50 fs laser pulses from a glass slide. The re-

sulting histograms were fit to gaussians with r2 ¼
717� 4 ps. This corresponds to a mean APD time-jitter

of �470 ps.

Data from the OPV molecule was taken at a power
density of 2 kW/cm2 which yields an average count rate

of approximately 2.8 kcps. At this intensity, over 500

arrival pairs were detected within a 40 ns window for a

100 s collection time. In order to obtain reliable statis-

tics, pair count distributions from 100 OPV molecules
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were averaged together. The data was binned to 950 ps

(see Fig. 4) in order to provide a good measure of the

asymptotic value of gð2ÞðsÞ. This binning, however,

limits the number of points in the dip region and de-

creases the observed temporal resolution. In order to
obtain a better measure of the position of the dip and

the exponential rise, we also examined data with 470 ps

bin (see Fig. 4 inset) which provides the requisite tem-

poral resolution. This temporal resolution is sufficient to

resolve antibunched photons from OPV and TOPV

molecules given that fluorescence lifetimes obtained in

dilute solution yield identical values of 870� 10 ps for

both molecules. TOPV molecules were examined with a
power density of 7 kW/cm2 corresponding to maximum

intensities of 12 kcps and 2000 arrival pairs over 100 s. A

large number of possible conformations are possible for

each TOPV molecule as dictated by the conformational

distributions of the precursor, TOPV [17]. The fluores-

cence intensities achieved from these molecules are

strongly influenced by the number of cis defects in each

arm. The presence of cis defects in oligophenylenevin-
ylene molecules drastically decreases the quantum effi-

ciency. This is well illustrated by the large distribution of

intensities found in Fig. 2. Data acquisition was pur-

posefully skewed towards the most intense molecules

which represent those with either all trans vinyl linkages

or with a single cis defect. Photon pair arrival histo-

grams were averaged from TOPV molecules that ex-

hibited dramatic multilevel intensity fluctuations which
we presume to be indicative of multiple photoactive

arms.
3. Results and discussion

Inspection of the intensity trajectories in Fig. 3 for

OPV and TOPV show marked differences. The OPV
arm molecules show no observable intensity fluctuations

outside the shot noise and have an average intensity of

3 kcps. In contrast, the intensity trajectory for TOPV

shows dramatic intensity fluctuations on all time scales

down to the bin time of the experiment (160 us). The
Fig. 3. Intensity trajectories with 80 ms bins for a single
fluctuations range from a peak intensity of 12 kcps down

to the background of 1.5 kcps. Of particular interest are

those fluctuations in the region between 75 and 100 s

where the intensity drops from 12 to �3 kcps in a single

event. It is tempting to attribute this to a state where all
four arms are emitting simultaneously and then three

arms switch ‘off’. Such an event suggests strong coupling

between arms and raises the question of the number of

chromophores actively involved in the emission process.

A quantitative measure of intensity fluctuations is the

second-order correlation function:

gð2ÞðsÞ ¼ IðtÞI t þ sð Þh i
IðtÞh i2

; ð1Þ

where IðtÞ is the intensity at time t and Iðt þ sÞ is the

intensity at time t þ s. The photon pair coincidence

distribution C(s) is a good approximation of gð2ÞðsÞ
when the range of inter-photon timings are on the order

of the radiative lifetime. The photon pair coincidence

distributions are presented as a histogram of interpho-
ton times versus the number of detected occurrences as

can be seen in Fig. 4. Here it should be noted that the

observed coincidences are measured from 0 to 20 ns and

thus the only phenomenon contributing significantly to

fluctuations in this time range is that of cycling through

the molecular excited state.

To characterize coincidence histograms obtained

from single molecules, the second-order correlation
function can be fit with the functional form:

gð2ÞðsÞ ¼ 1� 1

N
e� sðWpþCÞj j; ð2Þ

where C is the rate of decay of the excited state, Wp is the

effective pump rate, and N is the number of emitters in

the collection volume. All measurements were made in a

regime far from optical saturation and as such C � Wp.

Thus, the rate constant of the exponential rise in the

coincidence histograms is effectively equal to the rate of
radiative decay (srad ffi 1=C).

A least squares algorithm was used to fit the coinci-

dence histograms of OPV and TOPV to the symmetrized

exponential given in Eq. (2). Examination of the coin-
OPV molecule (a) and a single TOPV molecule (b).
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Fig. 4. Photon pair coincidence histograms for OPV (a) and TOPV (b).

Histograms were produced by averaging coincidence data from 100

molecules (a) and 50 molecules (b). Insets: dip region with coincidence

bins set at 470 ps.
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cidence histogram obtained from OPV exhibits a drop

of gð2Þð0Þ well below 0.5. This is indicative of an anti-

bunched, sub-Poissonian light field as would be expected

from a single chromophore system. The fit yields a value

of N ¼ 1:3 and srad ¼ 1:1 ns. The deviation of N from 1

and C from 870 ps can be explained as a product of two

factors. The first is the contribution of uncorrelated

photons from a variety of sources including inelastically
scattered laser light, background fluorescence, and

photo-induced cross talk between the SPCMs. Secondly,

the relative proximity of the instrument response to the

radiative lifetime and the data bin size limits the sensi-

tivity in the low count region near s ¼ 0.

In contrast, the coincidence histogram for TOPV in

Fig. 4 shows a drastically reduced antibunching dip,

(gð2Þð0Þ ¼ 0:672) compared to the single arms. The fit to
the data gives N to be 3.04 with srad ¼ 810 ps. The

disparity in radiative lifetimes between OPV and TOPV

is the result of timing uncertainty and variation in s/n

between systems. An idealized model of TOPV with

completely independent chromophores would be ex-
pected to have an antibunching dip with N ¼ 4. In ad-

dition to the effects addressed previously, the deviation

from N ¼ 4 in our data is likely due to statistical con-

tributions from molecules with 2, 3, and 4 emissive arms.

Furthermore, inefficient fluorescence detection of chro-
mophores with large components of transition dipole in

the z direction undoubtedly artificially decreases the dip

contrast.

It should be noted that the uncertainty in gð2ÞðsÞ for
both OPV and TOPV near zero sets an upper and lower

limit on N . For the OPV molecule the upper limit of

gð2Þð0Þ is 0.41 which is still indicative of only a single

emitter. Conversely, the coincidence histogram for the
TOPV molecule limits the range of N from 2.45 to 4.03.

Thus, the data clearly demonstrates that the molecule

averaged photon statistics of TOPV are a result of

emission from more than two chromophores. Given that

the regions of highest intensity dominate the coincidence

histogram, TOPV molecules appear to have uncoupled

emission.

The implication of simultaneous emission from mul-
tiple arms is striking considering how closely the chro-

mophores are bound. This is in direct contrast to

previously studied multichromophoric systems of con-

jugated polymers [14] and dendrimers [18] where anti-

bunching signatures were observed in the photon pair

arrival histogram. In these systems energy transport is

highly efficient due to strong chromophore interactions.

In the MEH-PPV studies of Hollars et al. [14], this
coupling is facilitated by strong p-stacking between

chromophore units which then provide rapid excitation

transport to a few low energy sites on the polymer chain.

Whereas the perylenimide dendrimers studied by

Tinnefeld et al. [18], are presumed to have rapid exciton

transport via F€orster type incoherent dipole coupling

which results in exciton–exciton annihilation and emis-

sion from only a single chromophore. Neither of these
effects are observed for our molecules.

The geometry imposed by the tetrahedral core of the

TOPV molecule excludes strong p-stacking between

neighboring arms. However, there is considerable spec-

tral overlap in the absorption and emission bands of the

arms which could plausibly lead to energy transport via

either a coulombic incoherent through-space coupling

or exciton transport through the tetrahedral core. Given
the �2 �A interchromophore separation through the

tetrahedral core, a Dexter-type electron exchange

mechanism is unlikely due to limited electron density

overlap. A coulombic through-space coupling such as

the dipolar-type F€orster coupling is perhaps more ac-

cessible. Using spectral data from TOPV, F€orster theory
predicts energy transfer on the order of tens of pico-

seconds over nearly all interchromophore angles. Pre-
vious ultrafast polarization anisotropy experiments on a

similar tetrahedral OPV in solution showed a two

component anisotropy decay which the authors attrib-
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uted to contributions from both coherent and incoher-

ent coupling [19]. However, this coupling does not ap-

pear to dramatically effect the emission statistics of

isolated TOPV. Previous results [6] show a strong time-

dependent polarization anisotropy which suggests sig-
nificant motion of the OPV arms. Motion in the arms is

postulated to be due in large part to motions about the 5

vinylene linkages and rotations about the tetrahedral

carbon. Under this model, inter-arm contacts could vary

from strict tetrahedral symmetry to conformations

where arms are in contact. Accordingly, inter-chromo-

phore interactions can range from weak coulombic

coupling to highly delocalized excimer or aggregate
states. We suggest that this dynamic coupling dictates

the emission statistics of TOPV. Moreover, it this dy-

namic coupling that distinguishes the photophysics of

TOPV from other highly coupled multichromophoric

systems, such as those in [18].
4. Conclusions

In this report we have shown unambiguously that the

emission of the TOPV molecule can be described as

originating from multiple independently excited chro-

mophores. This confirms the efficacy of producing

multi-chromophore oligophenylenevinylene molecules

as they have preferred geometries yet exhibit emission

from multiple chromophores.
Acknowledgements

We thank John Bushnell and Prof. Michael T. Bow-

ers for numerous discussions, Dr. Paul Carson for help

developing data processing routines and SKB would like

acknowledge the Packard Foundation for financial
support. GCB is grateful to the NIH (GM62958-01) and

the NSF (DMR-0097611) for financial support.
References

[1] S.J. Wang, W.J. Oldham, R.A. Hudack, G.C. Bazan, J. Am.

Chem. Soc. 122 (2000) 5695.

[2] W.J. Oldham, R.J. Lachicotte, G.C. Bazan, J. Am. Chem. Soc.

120 (1998) 2987.

[3] M.R. Robinson, G.C. Bazan, A.J. Heeger, M.B. O’Regan, S.J.

Wang, Mol. Components Electron. Dev. (2003) 187.

[4] M.R. Robinson, S.J. Wang, G.C. Bazan, Y. Cao, Adv. Mater. 12

(2000) 1701.

[5] M.R. Robinson, S.J. Wang, A.J. Heeger, G.C. Bazan, Adv.

Functional Mater. 11 (2001) 413.

[6] M.A. Summers, M.R. Robinson, G.C. Bazan, S.K. Buratto,

Chem. Phys. Lett. 364 (2002) 542.

[7] H.J. Kimble,M.Dagenais, L.Mandel, Phys. Rev. Lett. 39 (1977) 691.

[8] F. Diedrich, H. Walther, Phys. Rev. Lett. 58 (1987) 203.

[9] T. Basche, W.E. Moerner, M. Orrit, H. Talon, Phys. Rev. Lett. 69

(1992) 1516.

[10] W.P. Ambrose, P.M. Goodwin, J. Enderlein, D.J. Semin, J.C.

Martin, R.A. Keller, Chem. Phys. Lett. 269 (1997) 365.

[11] P. Michler, A. Imamoglu, M.D. Mason, P.J. Carson, G.F.

Strouse, S.K. Buratto, Nature 406 (2000) 968.

[12] B. Lounis, H.A. Bechtel, D. Gerion, P. Alivisatos, W.E. Moerner,

Chem. Phys. Lett. 329 (2000) 399.

[13] K.D. Weston, M. Dyck, P. Tinnefeld, C. Muller, D.P. Herten, M.

Sauer, Anal. Chem. 74 (2002) 5342.

[14] C.W. Hollars, S.M. Lane, T. Huser, Chem. Phys. Lett. 370 (2003)

393.

[15] S.C. Kitson, P. Jonsson, J.G. Rarity, P.R. Tapster, Phys. Rev. A

58 (1998) 620.

[16] D.J. Sirbuly, M.D. Mason, J.P. Schmidt, M.A. Summers, S.K.

Buratto, Rev. Sci. Instrum. 74 (2003) 4366.

[17] M.A. Summers, P.R. Kemper, J.E. Bushnell, M.R. Robinson,

G.C. Bazan, M.T. Bowers, S.K. Buratto, J. Am. Chem. Soc. 125

(2003) 5199.

[18] P. Tinnefeld, K.D. Weston, T. Vosch, M. Cotlet, T. Weil, J.

Hofkens, K. Mullen, F.C. De Schryver, M. Sauer, J. Am. Chem.

Soc. 124 (2002) 14310.

[19] O.P. Varnavski, J.C. Ostrowski, L. Sukhomlinova, R.J. Twieg,

G.C. Bazan, T. Goodson, J. Am. Chem. Soc. 124 (2002) 1736.


	Photon pair correlation spectroscopy of single tetrahedral oligophenylenevinylene molecules at room temperature
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


