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The Determination of Cis—Trans Conformations in Tetrahedral p-Phenylene
Vinylene Oligomers
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Time-of-flight mass spectrometry and ion-mobility studies were used to probe the conformations of a tetrahedral
oligo p-phenylene vinylene sample. The radical cation and sodiated parent species as well as one fragmented
ion were analyzed using ion mobility. Extensive molecular mechanics modeling was used to understand the
effects that secondary structure has on the observed cross sections from ion-mobility experiments. The major
features in the ion-mobility spectra appear to be due to-aarm interactions caused by cis defects near the
tetrahedral core of these oligomers.

1. Introduction
t-butyl

Conjugated organic polymers have been the object of intense
research since their viability for use in optoelectronic devices 3 7\ %@ 7 O tbutyl
was shown in the early 1990s? They are extremely attractive Csp?) Q 4
for the production of devices such as organic light-emitting

diodes (OLEDs) and field-effect transistors due to their ease of
handling and tunability. Their properties can be tuned via

chemical functionalization, and in some cases production can

b lished vi techni dtof deposited from solution, more exotic shapes have been sought
€ accomplisned via spray techniques as opposed 1o Tar MOore, i p, regist crystallization and thus exist as stable glasSee

expensive methods used in processing traditional metal SeMmi- ¢ these approaches is to join four PPV “arms” together in a
conductors. One of the first organic polymers that has shown tetrahedral arrangement about a central carbon &tdmthis
promise as an organic semiconductor is poighenylenevi- paper, we use the ion-mobility technique to examine the
nylene) (PPV), usually containing alkoxy_ side groups to render confor,mations of a sample of tetrakis(4-(@" 5 -di-tert-
them soluble. More recently,. smaller'ohgomers of phenylene butylstyryl)styryl)stilbenyl)methane, a tetrahedral oligo-PPV
vinylene have been synthesized, which has enabled researck\}vith each PPV “arm” containing four phenyl rings. This
on a more fundamental level due to the more precise control compound will be referred to as T4R for brevity and is.shown

. g ! . . .
O\r']e; thhelr_synthes@;] IPropertnzs of _mtterest tlncléjde tgetl_r in Figure 1. The “T” represents the tetrahedral arrangement of
photophysics, morphology, and resistance 1o degradation., ., &' ahqt the central %parbon atom, and the “4R” indicates

Smaller oligomers offer the advantages of better purity and that there are four phenyl rings within each arm. A fragment

synthetic control compareo! to Iargetr. polymers. observed in the mass spectrum, which corresponds to the loss
Recently, we have used ion-mobility measurements to study of one arm from T4R, will be referred to here as P4R, where

the size_distributions of oligo-PPVs cpntaining five and _six the “P” indicates the planar configuration about the central
phenyl rings® As opposed to the putative trans conformation carbon

of \./|nylll|nkages, itwas found that these P.PV “arm§" contained iy the help of molecular dynamics calculations, we identify
a significant amount of cis defects. As the_lon-mob|l|ty apparatus o intramolecular interactions responsible for broad families
was coupled to a mass spectrometer, it was clear that thesey secondary structures seen in the ion-mobility spectra and
defects were not due to saturated t_e_trahedral "”"ag?? as hagggess the ion-mobility method as an analytical tool for
been .postglated for poly-PPA? Additional results utilizing measuring the distribution of defects in a sample containing a
near-field single-molecule spectroscopy showed excellent agree ide distribution of conformations.

ment between the shape distribution of oligo-PPVs and their

fluorescence anisotrogylon mobility has also been used t0 5 |nstrumentation

determine the distribution of conformations frcyclophanes

and various other polyme#&:15 This technique is especially The instrument used in these studies has been described
useful in sorting out different conformations for compounds of Previously*” A diagram of the instrument is shown in Figure
identical mass and in cases where NMR assignments are difficult2-

Figure 1. The two-dimensional representation of T4R.

or impossible. It utilizes a matrix-assisted laser desorption/ionization (MAL-
An important property for luminescent organic materials is D!) ion source. lons produced in the MALDI source are
the ability to form stable, amorphous filnidé While small accelerated using a two-stage WitgylcLaren-type system into

oligo-PPV “arms” readily form crystalline structures when &1 m long reflectron time-of-flight (TOF) mass spectrometer.
For ion-mobility studies, the TOF sector is operated in linear

*To whom correspondence may be addressed. E-mail: bowers@ Mode (the reflectron is turned off). The mass peak of interest is
chem.ucsb.edu. gated at the end of the flight tube, decelerated, and injected
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Figure 2. Schematic of the overall instrument used in this study: (a) sample probe; (b) sample inside the MALDI source; (c) detector used when
the TOF is operated in reflectron mode; (d) reflectron; (e) deceleration lenses; (f) drift cell; (g) quadrupole; (h) detector used for the fpn-mobili
experiments.

into a 20 cm long drift cell containing 1.6 Torr He at 300 K. This means that a more compact structure, having a smaller
lons are quickly thermalized by collisions with the He bath gas cross section, will have a higher mobility and thus move more
and pulled through the drift cell under the influence of a small quickly through the drift cell. Therefore, the ion-mobility
electric field. lons reaching the drift cell exit orifice are experimentis able to separate ions based on their relative sizes,
accelerated slightly into a quadrupole for mass analysis and thenwith smaller ions arriving at earlier times and larger ions arriving
detected using pulse-counting techniques. lons are collected ast later times. Specifically, ion-mobility experiments are able

a function of time, with the start time triggered by the source to distinguish ions of the same mass based on their size in cases

extraction pulse. where different isomers have significantly different collisional
The sample PPV compound was dissolved in THF solvent cross sections.

at a concentration of about 0.5 mg/mL. Abouytl5of saturated By use of structural models (see below), it is possible to

Nal in methanol was added to 100 of OPV/THF solution, estimate the cross sections,for various isomers or configura-

and the final sample-containing solution was applied to the tions and compare these with experiment in order to gain some
outside of a stainless steel rod and dried. The sample wasstructural information based on an ion’s observed mobility. In
inserted into the MALDI source, and a stepper motor rotated cases where multiple structures are not fully resolved, it is
and translated the stainless steel rod, exposing fresh areas ofossible to model arrival time distributions (ATD) by adding
sample to the laser. A nitrogen laser (Lasertechnik Berlin MSG together components having different cross sections. In this way,
400,41 = 337 nm) was used to desorb and ionize the sample. the relative amounts of various components can be determined

The laser is usually operated at 30 Hz and has a pulse width ofby fitting the modeled spectrum to the experimental spectrum.
<10 ns and a maximum average power of 12 mW. Note thatin

these experi_me_nts no matrix was necessary since PPVs undergq siryctural Modeling
direct photoionization.
To model the structures of PPV ions, the Amber molecular
3. The lon-Mobility Experiment mechanics force field was usélThis force field has given
very good agreement with experiment in previous ion-mobility
studied™™1> and more sophisticated ab initio methods are
prohibitively expensive for systems of this size. Most of the
parameters necessary were available in the Amber “1999” force
field, and missing parameters were chosen by analogy from
already defined parameters. The center carbon in"TP4Rs
treated as a trigonal planar,?sgenter. All vinyl linkages were
explicitly modeled as cis or trans, with custom atom types used
for the sp carbons involved in these bonds. This allowed the
vp = KE (1) use of single-fold dihedral potentials which prevented inter-
conversion of cis and trans species during simulated annealing.
known as thenobility , K. The mobility of an ion can be related ~ S€e the Supporting Information for a discussion of parameters
to its collisioncross section(o) via eq 2, wheree is the ion’s used in the Amber calculatipn;. Charges were determined using
charge,N is the particle density of the buffer gas,is the =~ DFT (B3LYP/6-31G*) optimized model substructures and

reduced mass of the ion and buffer gés,is the Boltzman  Subsequent processing of Mulliken charges using the RESP
method of Amber. Charges were determined for subunits which

Within the drift cell, ions move through the cell under the
influence of a weak applied electric field. The electric field is
“weak” in the sense that the internal energy of the ions is in
thermal equilibrium with the buffer gas. Diffusion of ions in
this so-called low-field region has been well characteriZed.
Within this low-field limit, the drift velocity ¢p) of an ion is
proportional to the applied electric field (E) as shown in eq 1.
The constant of proportionality is

_3e ﬂ)ﬂ@ @ were used to build the full molecules using Amber’s leap
16N \uk T o interface. See the Supporting Information for a listing of the
derived charges.
constant, and’ is the temperatur&® Thus the mobility of an After building a full set of parameters and atomic charges

ion and its collision cross section are inversely proportional. needed in Amber, simulated annealing was carried out on a large
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set of possible cis/trans isomers. For each isomer that was
calculated, the newly built structure was first geometry mini-
mized. Then molecular dynamics was run for 30 ps at high
temperature (606800 K), the nascent “hot” molecule stepwise
cooled over a 10 ps period, and the final structure again fully
minimized. This annealing cycle was repeated 300 times for
each isomer, creating an energy profile of minimized candidate
structures. Finally, the cross sections of the five lowest energy
structures were averaged to give the final theoretical cross TR TARNa'
section for that isomer. Cross sections were calculated using a
straightforward projection approximati#¥t!that has compared - { ‘ : o J l/ .
very favorably with experiment for molecules in the size range 0 500 1000 1500 2000 2500
studied heré?13.1522.23 Wz

In the case of TARNa, structures and cross sections were Figure 3. The TOF mass spectrum obtained in reflectron mode.
calculated for all isomers containing up to three cis defects.
These results closely mirrored the results for T480 no further
modeling of TAR-Na'" was done, and cross sections for T4R
were used to model the ATD of T4RNa' (see below).
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Thus we can define three probabilitiesis@®), Pis(2), and Ris-
(3), which are the probabilities of a vinyl linkage being cis in
positions 1, 2, and 3, respectively (see Figure 1). The probability
for each unique isomer can then be assembled using these three
probabilities plus a degeneracy factor corresponding to the
number of isomers that correspond to each particular (unique)
To compare calculated cross sections for a group of cis/transisomer. This degeneracy factor simply maps the set of 330
isomers with the experimentally observed arrival time distribu- unique isomers to the full set of 4096 possible isomers (in the
tion, ATDs for each individual isomer were calculated by taking case of T4R). A straightforward Fortran program was written
into account the physical dimensions of the drift cell and the \which calculates each component’'s ATD using eq 3, above,
experimental conditions. These in turn were combined to form and sums them together usingisl), Psis(2), and R«(3) as

a weighted average to directly compare with the experimental described above. In this way, the experimental ATDs were fit
ATD. The functional form of the component ATDs used is using only these three parameters.

shown in eq 3, wherH(}) is the signal intensity exiting the drift

2
1 lo
It)=————|[1—exg— —|| ex
® (4nDLt)l’2’ p( 4DTt)

5. Modeling Arrival Time Distributions

6. Results and Discussion

_ 2

_ w (3) The MALDI/TOF mass spectrum of the T4R PPV sample is
4Dt shown in Figure 3.

The largest peak in the spectrum has a mass-to-charge ratio

cell, D is the longitudinal diffusion coefficient, is the time, of 1497 Da and gorresponds to the parent ion after the loss of
ro is the exit orifice radiusDr is the transverse diffusion ~ one “arm”. That is, the center carbon is only bonded to three
coefficient,zis the drift cell length, andy, is the drift velocity*® carbons, leading to an %ptrigonal planar type structure. We

The longitudinal and transverse diffusion coefficients are refer to this species as P4k this paper to denote “Planar” as
estimated based on the polarization model using eq 4, wiere opposed to “Tetrahedral”. At higher mass, the T4frent ion

is the mass of the buffer gasyis the mass of the ior is the is seen as well as the sodiated parent. Note that the parent ion
appears at 1992 Da, corresponding to the radical cation rather
(M + 3.72n)M vp? than a protonated species. A small peak at 1002 Da corresponds

D, =D(0) + — (4) to the loss of two arms from the T4R parent, and the lower

3(M+1.908n)e E mass peaks are mostly attributable to DHB matrix peaks as well

charge on the iony is again the drift velocityE is the applied @ N& and a GHo" fragment. The large peak corresponding
electric field, andD(0) is the diffusion coefficient calculated O the loss of one arm from T4R is somewhat surprising, and it

using the Einstein equation, shown in eq 5, wHgiie the ion’s is unclear W_hether this peak is the result of an impu_rity ir_1 t_he
sample or is due to an unexpectedly strong dissociation

eD mechanism leading to cleavage of one of the centraC®onds.
K= KT ®) ATDs were recorded for the parent T4Rsodiated T4R
Na", and P4R species and are shown in Figure 4.
mobility, e is the chargek is the Boltzmann constant, afds The ATDs for T4AR and T4R-Na" are similar with a small
the temperature (see ref 18 for details). shoulder at the longest times, and two very broad features at

For the systems in this study, a large number of cis/trans shorter times. The ATD for P4Ris quite different, with two
isomers are possible due to the number of vinyl linkages present.broad features at longer times, and a broad shoulder containing
T4R* contains 12 vinyl linkages leading t32= 4096 possible a distinct peak at shorter time. The signal-to-noise in the ATD
isomers. However, as optical isomers have identical crossfor P4R" is significantly better than the parent ion and sodiated
sections and the various arms are indistinguishable, there arespecies due to the much higher intensity seen for that species
only 330 unique isomers for T4RIn the case of P4R there in the mass spectrum. Note that the very large differences in
are 120 unique isomers. Fitting spectra using such a large setarrival times of at least 50% in these ATDs indicate a size
of components would give little useful information. However, difference on the order of 65% between the largest and smallest
the number of parameters can be vastly reduced by making twoconformations. The width of an ATD peak composed of a single
simplifying assumptions: (1) The probability of each vinyl conformation of this size would be on the order of only 0.1
linkage is completely independent of the other vinyl groups and ms.

(2) the probability of being cis or trans for each vinyl linkage As described in section 4, simulated annealing was performed
is determined by the position of the vinyl group along the arm. using the Amber force field/software suit¢o get information
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s
about the various conformations represented in the ATDs. f}"'%Q
Representative structures for the all-trans structures (that is, ¢‘} A */.
containing no cis defects) are shown in Figure 5. T4Rs a ® Qw*-i
pseudo tetrahedral structure while P4Rs pseudo trigonal
planar. The structure of T4RNa' is essentially identical to

T4R*, with the Na lying midway between the innermost phenyl + *
rings of two arms in the lower energy calculated structures. P4R

The large set of structures calculated for T4&d P4R q‘
were used to model ATDs as described in section 5. Each of

the ATDs were modeled using only the three parametgydR S
P.is(2), and R(3). The resulting fits along with the experimental
spectra for comparison are shown in Figure 6 along with the fit
parameters (cis probabilities) in Table 1.
Uncertainties are estimated to be on the ordet @105 (5%).
The agreement k_)et\/\_/een modeled and experimental ATDs is igure 5. Representative structures from molecular mechanics of T4R
remarkable considering that only three parameters were usedyop) and P4R (bottom).
to determine the populations of hundreds of isomers. The
reduction of probabilities to only three parameters completely section. A single C2 or C3 defect is insufficient to cause two
ignores nearest-neighbor effects of chemical or steric origin as arms to fold together according to the molecular modeling. The
well as any interactions between different arms. The probabilities second C1 defect leads to a second -aamm interaction and
for cis defects are mostly similar between the different species, roughly corresponds to the beginning of the second broad feature
giving an average probability of 0.29 for any given vinyl group  (working from right to left). The third and fourth C1 defects
having a cis conformation. lead to additional folding, all lying within the second broad
While the overall probability of cis defects is a useful quantity feature. The results of fitting the modeled spectrum to experi-
to measure, molecular modeling gives a richer understandingment includes similar amounts of C2 and C3 defects, and these
of the secondary structure in these ions. Figure 7 shows theadditional defects account for the filling out of the peaks toward
modeled ATD for T4R along with individual components for  the left (smaller cross sections thus shorter arrival times).
comparison (scaled to an arbitrary intensity for visibility). The same qualitative analysis can be applied to P4he
The peak labeled trans contains no cis defects, while the peakmodeled ATD for PAR and some selected components are
labeled cis has all of its vinyl linkages in the cis conformation. shown in Figure 9.
C1, C1C1, etc. refer to a single cis defect in the first (“17) Here we clearly see a difference in folding thresholds. As
position, two cis defects both in the first position, etc. Clearly, can be seen in Figure 10, the first C1 defect leads to an-arm
the set of isomers from no cis defects to all cis defects nicely arm folding interaction as in T4R
spans the experimental spectrum. The origin of the broad However, the second C1 defect is predicted to give a similar
features can be understood by looking at the C1 structures showrstructure. It is not until the third C1 defect that all three arms
in Figure 8. fold together. This, along with the different statistics of this
The presence of a single C1 defect allows a single-aarm three-armed system, leads to a markedly different ATD for'P4R
interaction, a partial folding, that significantly reduces the cross compared with T4R.



7734 J. Phys. Chem. A, Vol. 108, No. 38, 2004 Bushnell et al.

.
s00] .
P N
250 o ; ‘a;:‘;' ,.’:1(.
2 500 PARYS ol
2 PIRR S F RS I S <
£ 150 T el "
k= : . .A.: M
100 \\,{u ir. :': e
.:.:".' P AL RIS SR o"d'
LIRS A e A N« el
. ¢ St .
a ‘e
) ol o 5) .:; }f
120 4 'A! \’: ’,0
X R
100 - o ‘ﬂ\. -
Z e ytetys :,g
=4 .
L e
£
0| e .2
i ¥
1 L HT redll
by , :‘-}( v’. \"I ':‘«:N/\.. f‘;\ ¥
T {\n}"».‘.},\ 3 ‘e, _,'":"‘..:-,:I. :.
s WL,
b N s
S Sete s N >
2 000] e Cee e der
= “ony
£ oo ] cIcICl ER S
£ Seheee CICICICI
2000 X
%] Figure 8. Representative structures of TARontaining cis (1) defects
o o . , . — from molecular mechanics.
time (ms) 5000 -
. . . 1ct
Figure 6. Calculated ATDs shown with experimental ATDs for . elgtez el
cis clcict cl trans

comparison: (a) T4R (b) T4AR—Na'; (c) P4R". I R f i
a0 | ) | I

clcict

3004 . c1c1c1c1/ clcl
~ s cl trans 3000

250

Intensity
g
!

2004

1000 ~
150 4

Intensity

100

time (ms)

50 4
Figure 9. The modeled ATD for P4R showing representative
1 components.

time (ms)

Figure 7. The modeled ATD for T4R showing representative

We note that there are several reasons why we believe that

components. the structures of these compounds do not change upon ionization
. I . and directly reflect the structures in the solid neutral sample.
TABLE 1: Cis Probabilities from ATD Fits The wavelength of the desorbing laser is such that resonant
ion Peis(1) Peis(2) Peis(3) 2-photon ionization should be the primary source of ions, leaving
T4R* 3 2 3 the newly formed ions in a relatively cold st&fewhile the
T4R-Na* 35 3 3 barrier to cis/trans isomerization is estimated to be about 50
P4R" 16 36 3 kcal/mol2® Identical experiments performed on pure samples

Th ller feature to the left in Ei 4C. at val ti of cis and trans stilbene gave exclusively the cis or trans parent,
f t()asrtni gr cature o the ed nr |g:Jre 'th’ ?han ::Irnvta |me% respectively, indicating that cis/trans rearrangement does not
of about ./ M, COITESPONds NIcely Wi € Stuclure ot ,.cur. And in a recent study of much simpler PPV “arms”,
C1C1C2 from the modeling (see Figures 6C and 9). While the . """ .
individual defect structures were highly resolvable and were

structure of C1C1 is almost the same size as C1, an additional . ) .
) well correlated with single-molecule photophysics of the neu-
C2 defect gives a structure for P4Rearly as compact as trals®

C1C1C1 (see Figure 9).

While this study involved extensive molecular modeling, this
technique is a useful tool for rapid analysis and feedback to
synthetic chemists. Once the initial modeling has been com-

We have shown that it is possible to obtain quantitative pleted, itis trivial to analyze subsequent ATDs using the same
information on the amount and location of cis defects within a set of calculated cross sections. Approximately (&% are
complex mixture of OPVs. This was only possible due to the typically needed for a single analysis, and spectra can be
application of extensive molecular modeling to possible isomers acquired in a few minutes, with far greater detail than afforded
and making some simplifying (though not grossly unreasonable) by size exclusion chromatography. And mass selection makes
assumptions about the statistics of cis defects. the identity of analyte unambiguous.

7. Conclusions
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