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ABSTRACT: The o-phenylenes are an unusual class of conju-
gated polymer, defined largely by substantial steric twisting along
their backbones. Consequently, they exhibit limited conjugation
but also interesting conformational behavior: they have been
shown to adopt well-defined helical secondary structures, both in
the solid state and in solution. While several examples of
functionalized o-phenylene oligomers have been reported, most
of the basic properties of the parent compounds are unknown.
Here we report the synthesis and characterization of the series of
unsubstituted o-phenylene oligomers up to the octamer. Through

a combination of NMR spectroscopy, including dynamic NMR (EXSY), and computational chemistry, we have found that these
compounds adopt compact helical conformations in solution with three repeat units per turn. Although formally conjugated, the
oligomers have a very short effective conjugation length of n.q ~ 4 (based on UV —vis spectra), significantly shorter than most other
conjugated systems. Also, unlike other (substituted) o-phenylenes, no hypochromicity is observed in their UV—vis spectra. The
fluorescence spectra of the series exhibit a systematic blue shift with increasing length. We believe this unusual property results from
increased steric congestion in the longer oligomers, which are therefore less able to accommodate structural relaxation in the

excited state.

B INTRODUCTION

o-Phenylenes represent a simple, fundamental class of con-
jugated polymers." They are isomers of the p—phenz'lenes, now
well-established as conducting films (when doped),” blue-emit-
ting materials,** and single-molecule wires.”® Similarly, the
isomeric m-phenylenes have been studied as helical polymers
and oligomers.” " In contrast, the o-phenylenes have received
little attention, and their properties are only now beginning to be
investigated. Their defining characteristic is the substantial steric
congestion along their backbones, which necessitates highly
twisted conformational states. Presumably, this steric hindrance
is why they were largely ignored: they are relatively difficult to
synthesize by conventional aryl—aryl bond-forming methods,
and 7t-overlap between repeat units is limited."'> Consequently,
their properties are not particularly desirable in the context
of conjugated polymers for thin-film electronics. However, the
o-phenylenes do have some interesting potential applications. In
principle, they could be oxidatively planarized to give very narrow
graphene nanoribbons, although they tend to rearrange under
the standard reaction conditions for oxidative cyclodehydro-
genation."? Perhaps more interestingly, the steric interactions
along the backbone can produce well-defined conformational
behavior, leading to applications as three-dimensional scaffolds
and promoting through-space overlap between repeat units.

As early as the 1960s, Kovacic reported the syntheses of some
o-phenylene polymers,'*~'® but the resulting materials received
little subsequent characterization and were thought to contain
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structural defects (triphenylene moieties). More recently, elec-
tropolymerization of catechol derivatives was reported to yield
poly(o-phenylenes),'”~'* but these materials were subsequently
found to be small-molecule triphenylene derivatives.”* Before
2010, there were three reports of series of o-phenylene oligomers
of which we are aware:*! by Wittig,22 Ibuki and Ozasa, 2% and
Simpkins.”” However, these compounds were not studied in
detail, and most of their basic properties were not reported.
Recently, we decided to investigate the series of methoxy-
substituted o-phenylene oligomers oP(OMe)" (1 = 4—12).28%
We found that these compounds exhibit weak but surprisingly
long-range conjugation: as n increases, a relatively small overall
bathochromic shift of the UV —vis spectra is observed; however,
significant changes are observed even for long oligomers, giving
an effective conjugation length of n.q = 8.8 Unusually, the
oP(OMe)" series also exhibits a systematic hypsochromic shift in
their fluorescence spectra with increasing n. Using a combination
of NMR spectroscopy and ab initio calculations, we found that
these compounds adopt helical conformations in solution, with
some disorder at their ends.” Simultaneously, Fukushima and
Aida reported a series of o-phenylene oligomers up to the [48]-
mer.*® Remarkably, an octamer exhibits spontaneous deracemi-
zation in the solid state. The helical compound racemizes rapidly
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“ Reagents and conditions: (a) iodobenzene, Pd(OAc),, SPhos, KsPO,, THF/H,0 (4/1), A; (b) T£,0, pyridine, DCM; (c) Mg, NH,Cl, Pd/C, MeOH;
(d) phenylboronic acid, Pd(OAc),, SPhos, KsPO,, THF/H,O0 (4/1), A; (e) 1, Pd(OAc),, SPhos, KzPO,, THF/H,O (4/1), A.

in solution, but this process slows considerably on oxidation,
which causes the springlike oligomer to compress.

oP(H)" R=H
oP(OMe)™: R = OMe

With the emerging interest in o-phenylenes, we realized that
little was known about the parent (unsubstituted) series oP(H)".
Unlike their para isomers, unsubstituted o-phenylenes should
exhibit workable solubility even for the higher oligomers,l’12
enabling convenient spectroscopic characterization. Many of
these compounds are known in the literature.”> > However,
to our knowledge, most of the basic properties of the oP(H)"
series, such as their NMR and fluorescence spectra, have not been
reported, nor have modern techniques been used to determine
their conformational behavior. Moreover, the reported syntheses

are low yielding and not well-suited to the preparation of more
complex o-phenylene-based compounds. Reexamination of this
series is therefore needed to develop improved synthetic meth-
ods and establish baseline properties for the o-phenylenes as a
class of conjugated oligomers and polymers.

B RESULTS AND DISCUSSION

Synthesis. We desired a unified synthetic approach that
allows the stepwise synthesis of oligomers of arbitrary length,
that takes advantage of modern developments in aryl—aryl cross-
coupling reactions, and that would be amenable to the future
synthesis of oligomer heterosequences. Thus, we adapted our
previous synthetic strategy for the oP(OMe)" series.”® Our
approach, shown in Scheme 1, is based on Manabe’s strategy
for oligophenylene synthesis,>"** which uses phenols as masked
triflates to control an iterative sequence of Suzuki—Miyaura
coupling reactions.

The key monomer for this series is boroxarene 1, which is
readily obtained by treatment of commercially available 2-phe-
nylphenol with BCl3.** Suzuki—Miyaura coupling of 1 with
iodobenzene using Pd(OAc), and SPhos™* gives hydroxy-func-
tionalized o-phenylene trimer oP(H)*-OH, which is then con-
verted to the corresponding triflate oP(H)>-OTf. At this point,
the oligomer can be terminated by reductive deoxygenation®
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Figure 1. Labeling of dihedral angles (¢;) in an o-phenylene.

(giving oP(H)?) or by coupling to phenylboronic acid (giving
oP(H)*). Extension of the oligomer is accomplished by coupling
to another equivalent of 1, affording oP(H)>-OH. These steps
can then be repeated to prepare the higher oligomers. The
isolated yields are uniformly high, and even the longest oligomers
(oP(H)” and oP(H)®) were obtained in only eight steps from
commercially available starting materials. We also note that this
approach offers a straightforward method for the preparation of
end-functionalized o-phenylenes by varying the coupling part-
ners for the first and last steps.

All of the compounds in Scheme 1 exhibit good solubility in
organic solvents. However, we were unable to synthesize oligo-
mers longer than the octamer due to the poor solubility of the
hydroxyl- or triflate-substituted nonamer intermediates. Thus, as
we were unable to prepare any unfunctionalized oligomer longer
than oP(H)®, we cannot say at this point whether insolubility
beyond n = 8 is an intrinsic property of the target compounds
themselves. Nevertheless, the unsubstituted o-phenylenes are
substantially more soluble than their p-phenylene analogues,
which exhibit poor solubility beyond the heptamer even when
functionalized with large branched alkyl solubilizing groups.’
The increased solubility reflects the twisting of the o-phenylene
backbone, which should prevent extensive 77— contacts in the
solid state. Melting points for the series were measured by
differential scanning calorimetry (Table S1 and Figure S1) and
show a slight odd—even effect.

Conformational Analysis. One of the most interesting as-
pects of the o-phenylenes is their conformational behavior.
Previously, we reported a complete conformational analysis
of the oP(OMe)" series,” which should be applicable to the
o-phenylenes in general. Briefly, the overall conformation of an
o-phenylene oligomer is dictated by the internal torsional angles
¢,—d,,_», shown in Figure 1. (The terminal torsional angles, ¢,
and ¢,,_, do not need to be considered as rotation about these
bonds is degenerate.) On the basis of computational modeling,
we found that each of these dihedrals can assume one of four
possible values: ¢; ~ £70° or £130°. However, because of
coupling along the backbone, the total conformational pool can
be divided into two separate enantiomeric subsets: within a single
molecule, each ¢; can assume one of only two possible values,
either ¢; & +70°/—130° or ¢; & —70°/+130°. Here we discuss
and visualize the oligomers in terms of the —70°/+130° set, but
we stress that we have not resolved any of these compounds;
thus, all structures presented represent racemates. To distinguish
different conformers, we label bonds in the —70° state “A” and
those in the +130° state “B” (e.g., the “AB” conformer of oP(H)®
has ¢, &~ —70° and ¢3 ~ +130°).

Even with the constraint that each ¢; can assume only two
possible states within a single molecule, there is, in principle,
a large number of available conformers for an o-phenylene
oligomer.36 However, it is illustrative to consider the two possible
limiting cases. If all ¢; &~ —70° (the A,_3 conformer), then the
oligomer’s conformation can be described as a compact, closed
helix, with offset, coplanar stacking of every third monomer.

AAA BBB

Figure 2. Closed helical (AAA, left) and open helical (BBB, right)
conformers of oP(H)®. Geometries optimized at the BH&HLYP/
6-31+G(d,p) level.

8 (ppm) '

Figure 3. "H NMR of oP(H)® (500 MHz, CDCls, —5 °C). Selected
signals corresponding to conformers I, II;, and III, are labeled. The
remaining (overlapping) signals can be separated and assigned based on
2D spectra; assignments are tabulated in the Supporting Information.

Conversely, if all ¢; = +130° (the B,_5 conformer), then the
oligomers are in an extended, open helical conformation without
intramolecular stackinég. These two conformers are illustrated
in Figure 2 for oP(H)®. The specific conformational state of the
o-phenylenes is important. Aromatic repeat units in the open
conformer are closer to coplanarity and thus should exhibit more
significant 77-system delocalization. The closed conformer has
more interesting spatial correlations between repeat units as
every third aromatic ring is closely stacked.

Several reported crystal structures of o-phenylene oligomers
have suggested that they are predisposed to closed helical
conformations (A, ) in the solid state.””***° However, given
the complexity of the conformational pool, it was not clear if they
adopted these well-defined three-dimensional structures in solu-
tion (as opposed to a large number of random coil con-
formations). Using a combination of NMR spectroscopy and
computational chemistry (see below), we demonstrated”” that
our previous series of o-phenylenes (oP(OMe)") exist primarily
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Figure 4. EXSY spectrum of| oP(H)® (500 MHz, CDCl;, —5°C, t,,=0.5s).

in the stacked helical conformations (A,_;) in solution, with
some minor conformers identified that had defects (B states)
only at the very ends. These results suggest that o-phenylenes
may have an important role to play as scaffolds for the positioning
of substituents in space. However, considering the limited
number of reported examples of o-phenylene oligomers, most
of which have been functionalized with electron-donating
groups, the conformational behavior of the class as a whole,
independent of substituent effects, was not clear.

Similar to oP(OMe)”, the unsubstituted oP(H)" exhibit
complex NMR spectra at room temperature (and below) for
n > 5. As a representative example, here we discuss oP(H)® in
detail, as it gives the most complete data set. Its "H NMR
spectrum at —$ °C is shown in Figure 3 (the spectrum is similar
at room temperature, but with slightly broadened signals).
Remarkably, although this compound consists only of unsub-
stituted benzene rings, the "H chemical shifts span >2 ppm,
presumably due to the high density of aromatic 77-systems and
their associated ring currents.

At first inspection, it would appear that the sample of oP(H)®
is contaminated with significant amounts of impurities given the
large number of small signals with nonintegral relative areas.
However, as we previously demonstrated for the methoxy-
substituted series, these smaller signals are due to minor con-
formational states in slow exchange on the NMR time scale. This
is demonstrated in the EXSY (ie.,, NOESY) NMR spectrum,
shown in Figure 4. All of the minor signals exhibit cross-peaks
with corresponding major signals. These cross-peaks are of the
same phase as the diagonal; since this is a small molecule, they
must therefore arise from chemical exchange (and not through-
space NOESY effects). Using the EXSY spectrum, the NMR
signals can be assigned to three exchanging conformers. The
major conformer, I, is 2-fold symmetric. There are then two
minor conformers: one, I}, which is nonsymmetric and one, III,,
which is 2-fold symmetric. Conformers I,, II;, and III, have
relative populations of 49:42:10 based on the integration

"H NMR of well-separated signals (and accounting for their
relative symmetries).

In order to associate these experimentally observed confor-
mers with specific molecular geometries, we undertook to com-
pletely assign their "H chemical shifts. Our strategy™ was to first
obtain a complete set of assignments for the major conformer
(I,) using a standard set of two-dimensional NMR experiments
(DQFCOSY, HMQC, and HMBC). Because the signals corre-
sponding to I, are significantly more intense than the others (due
to both its greater population and higher symmetry), they are
readily identified in the contour plots of the 2D spectra. With the
assignments for I, in hand, we then used the EXSY spectrum (in
combination with weak COSY signals) to map them onto the
minor conformers. In this way we obtained a nearly complete set
of "H chemical shifts for ITl,.>” Because II; has lower symmetry
than L, it is impossible to unambiguously assign the correspond-
ing rings on either side of the oligomer (i.e., rings 1 vs 6,2 vs S,
and 3 vs 4). Instead, we were able to obtain (nearly) complete
sets of chemical shifts for each of the six individual rings, but their
connectivity was determined according to the best match to the
spectra computed by DFT (see below).

Because each of ¢,, ¢3, and ¢4 of oP(H)® can assume either the
A (—70°) or B (+130°) states, there are a total of six possible
conformers: four that are C,-symmetric (AAA, BAB, ABA, BBB)
and two that are unsymmetric (AAB and ABB). For comparison
with the experimental chemical shifts, we then carried out DFT
geometry optimizations of each of these conformers (in the gas
phase). We chose the BH&HLYP/6-31+G(d,p) level since this
functional should better estimate the strength of 77— stacking
interactions;”® in any event, we did not observe any significant
differences in the performance of BH&HLYP compared to more
common methods (e.g, B3LYP). After geometries were ob-
tained for each of the six conformers, shown in Figure S and
Figure S2, 'H chemical shifts were calculated using the GIAO
method®”*® at the PCM/WP04/6-31G(d) level,* which has
been shown to be an efficient and economical approach to the ab
initio prediction of "H NMR spectra in chloroform.** We then
compared the sets of calculated chemical shifts for our six
possible conformers with the experimental data for I,, II;, and
IIL,. As a figure of merit, we chose the root-mean-squared (rms)
error of the calculated chemical shift (O.,.) against the experi-
mental chemical shift (Oyy), scaled according to a linear fit
between the two data sets.*

All three experimentally observed conformers were thus read-
ily assigned to one specific three-dimensional geometry. The
good matches all had rms errors less than 0.16 ppm, and bad
matches had rms errors greater than 0.44 ppm. These thresholds
are in good agreement with the established errors for the method
based on a set of test molecules (0.12 ppm).** Based on this
analysis, I, is AAA, II; is AAB, and III, is BAB; the plots of the
calculated against experimental NMR data are given in Figure S.
The three identified conformers are directly analogous to those
observed for oP(OMe)®.*° The conformer distribution is similar
but slightly different: 49:42:10 for oP(H)® compared to 55:36:10
for oP(OMe)®. Notably, of the six possible backbone conforma-
tions, only those with the central bond in the “A” state are
observed (¢p3 ~ —77.5°, —73.9°, and —82.0° for AAA, AAB, and
BAB, respectively).

We then sought to extend our NMR analysis to the other
members of the oP(H)" series. oP(H)*, as expected, exists in
rapid conformational exchange near room temperature and thus
exhibits a standard first-order NMR spectrum. For oP(H)®, while
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Figure 5. Geometry-minimized conformers for oP(H)® and plots of calculated vs experimental 'H chemical shifts.
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Figure 6. Closed helical (A,_3) conformers for the oP(H)" series, minimized at the BH&HLYP/6-31+G(d,p) level.

there is some evidence for slow exchange at 0 °C (a few small
signals in the "H NMR spectrum and associated EXSY cross-
peaks), the data cannot be completely assigned to multiple
independent conformers, suggesting that there are still significant
backbone rearrangements that are rapid on the NMR time scale.
Like oP(H)®, the longer oligomers oP(H)7 and oP(H)® existin a
slow exchange regime. For these oligomers, we were able to
obtain chemical shift assignments for the major conformer in
solution, which is 2-fold symmetric in both cases. Unfortunately,
although EXSY spectroscopy indicates that the minor signals in
the spectra of oP(H)” and oP(H)® result from less-populated
conformational states, we were unable to map assignments for
the major conformer onto the minor conformers due to the
considerable signal overlap. This is perhaps not surprising, as the
oP(H)" series represents the worst case for this NMR analysis
strategy, with the largest possible number of aromatic signals and
no signal separation from substituent effects.

8429

For oP(H)” and oP(H)?, the experimental chemical shift data
for the major conformer are in good agreement with that
calculated for the closed helical A,_5 conformers (rms errors
<0.11 ppm, Figure S3). We therefore conclude that the oP(H)"
series adopts stacked helical conformations in solution, shown in
Figure 6. On the basis of the results for oP(H)®, and by analogy
with our results for the oP(OMe)” series, it seems likely that
conformational disorder occurs primarily at the ends of the
oligomers. Consequently, we conclude that the preference for
stacked helical conformations is a basic property of simple
o-phenylenes. Further studies will be needed to determine the
role of substituent effects in controlling the conformational state
of the oligomers. However, considering the similar behavior of
oP(H)" compared to oP(OMe)", it appears at this point that
substituents do not have a dramatic effect on the conformational
distribution.

In contrast to our o-phenylenes, Ito has investigated a series of
structurally related poly(2,3-quinoxalines), many of which adopt
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Figure 7. UV—vis spectra (cyclohexane) of oP(H)" (n = 2—8).

. 44—46
conformations analogous to the open B,,_3 conformers.

However, the 2,3-quinoxaline repeat units in these oligomers lack
the hydrogen atoms ortho to the biaryl bonds and thus should be
better able to accommodate a more planar conformation; further,
these polymers are typically functionalized with very bulky substit-
uents (e.g., tolyl), which likely bias the compounds toward the
open helix through steric interactions. Interestingly, oligo(2,3-
naphthalenes) lacking the bulky substituents exhibit closed helical
conformations similar to those observed for the o-phenylenes.*’

UV—vis Spectroscopy. Although the UV—vis spectra of
several members of the oP(H)" series have been reported,24
they have not been analyzed in detail. The UV —vis spectra of the
complete oP(H)" series (n = 2—8) are shown in Figure 7; the
spectra for the known members of the series are in agreement
with those previously reported. The spectra show no solvato-
chromism, as indicated by comparisons of spectra of cyclohexane
and dichloromethane solutions (Figure S4), nor are their shapes
affected by concentration. Curiously, while the oP(OMe)" series
exhibits a substantial hypochromic effect in its UV—vis spectra
(i.e, when normalized for n, ¢ decreases with increasing n), we
observe no significant hypochromicity for the oP(H)" series
(Figure S4). As hypochromicity is associated with well-ordered
arrangements of chromophore transition dipole moments,* its
absence either suggests less rigid conformational ordering for
oP(H)" or reflects the different polarizations of the transitions.

Inspection of the UV—vis spectra clearly indicates a significant
red shift as the oligomer is extended from oP(H)> (biphenyl) to
oP(H)?; however, the change in spectra attenuates sharply for n
> 3. More quantitatively, the degree of conjugation in a con-
jugated oligomer (or polymer) may be evaluated in terms of the
effective conjugation length r.. The effective conjugation length
can be determined from a plot of the UV —vis transitions against
n using an empirical method developed by Meier:*’

Anov = Aoo,uv — Adpy e PV (1)

where A,y is the low-energy absorption maximum for an
oligomer with n monomer units. The parameter Ao, yy is simply
Anuv extrapolated to the polymer limit, Adyy = Aoo,uv — A1,uvis
the overall effect of conjugation, and b is the extent of conjuga-
tion. If we define the effective conjugation length as the value of
n for which Ao, uv — A,,uv = 1 nm, it follows that

In MUV
b

For the oP(H)" oligomers (1 > 2), we unfortunately do not have
well-defined peaks in the low-energy regions of the spectra.
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Figure 8. Plots of the extrapolated UV—vis onset vs (a) n or (b) 1/n.
The solid line in (a) is a fit to eq 1 (3 = 5.39).

Accordingly, we have adopted the same approach we used to
analyze the oP(OMe)" series, evaluating the change in the
extrapolated UV—vis absorption onset /'Lext,UV.SO Meier has
shown that this provides functionally the same results,* and
we have confirmed that it is equivalent to the use of absorption
maxima for other conjugated oligomers (e.g., p-phenylenes),’
allowing meaningful comparison with n, values for other classes
of compounds.

A plot of Aey v against n is shown in Figure 8a. A fit to eq 1
yields Adyy = 142 & 47 nm, Ac uy = 298.88 = 0.57 nm, and b =
1.79 £ 0.33. From these parameters, n.q ~ 4. The small effective
conjugation length for oP(H)" is also obvious when Aey uy is
plotted against 1/n, as shown in Figure 8b. For most conjugated
oligomers, a good linear relationship is observed between Ay uv
and 1/n at low n, with a break from linearity around ng.
However, for the oP(H)" series, the data are not adequately fit
by a linear function, even for n = 2—4, reflecting the very short
fleq for the parent o-phenylenes and consistent with the value of
flea & 4 obtained using eqs 1 and 2.

Compared to other classes of conjugated oligomers, the unsub-
stituted o-phenylenes, perhaps not surprisingly, have a short effective
conjugation length, roughly comparable to certain phenylene
ethynylenes or sterically hindered g)olypyroles.‘w’51 For comparison,
for unsubstituted p-phenylenes®* .y A 10 (if planarity is forced
along the backbone n.q > 12).27°* These values may in fact
represent significant underestimates of #1.q for p-phenylenes, given
recent results which question its determination based on the
extrapolation of UV—vis data (particularly the 1/n dependence).®
Nevertheless, the value of 1.4 ~ 4 for the oP(H)" series should be
accurate as we have used Meier’s approach (i.e., eqs 1 and 2 rather
than plots of UV data vs 1/n) and especially considering that we
have synthesized oligomers longer than the saturation point of the
UV—vis data. The short n.q of the o-phenylenes is reasonable in
view of the large twisting of the o-phenylene backbone, which would
be expected to attenuate conjugation. However, the effective
conjugation length of the oP(H)" series is significantly less than
that of the oP(OMe)" series (n.q4 ~ 8). In our original paper on the
oP(OMe)" series, we attributed their low A4 (= 39 nm) to the
twisting of their 77-systems and their long r.q to conformational
rigidity. For our current series of compounds, A4 is much larger
than for the methoxy-substituted case, although the large experi-
mental uncertainty for this parameter makes it difficult to draw firm
conclusions as to the cause. However, while the global conforma-
tional distribution is essentially the same for the two sets of
oligomers (reflected in the similar populations of I, II;, and IIL,),
it is possible that the conformational rigidity is reduced for the

8430 dx.doi.org/10.1021/ma201866p |Macromolecules 2011, 44, 8425-8432



Macromolecules

Fl. Intensity (a.u.)

320 340 360 380 400 420 440 460 480 500

A (nm)

Figure 9. Steady-state fluorescence spectra of oP(H)" (cyclohexane).

Table 1. Fluorescence Properties of oP(H)" in Cyclohexane
Amaxpr, (nm) @ e (ns) ke (x107s7Y) Ky (x107s7Y)

oP(H)* 396.5 001  04°

oP(H)* 390.5 013 3.3 3.9 26
oP(H)® 383.0 011 38 29 23
oP(H)’ 380.0 017 58 2.9 14
oP(H)® 376.0 018 6.0 3.0 14

? Biexponential fit: 0.4 ns (97.7%), 6.8 ns (2.3%).

oP(H)" series, possibly due to reduced s—z-type interactions
between the monomers. A looser, less well-defined conformational
state for the oP(H)" series could explain the reduced 7. Greater
conformational flexibility is also consistent with the lack of hypo-
chromicity in the UV—vis spectra of oP(H)", which was quite
pronounced for oP(OMe)" (up to 60%).

Fluorescence Spectroscopy. Beyond n = 3, the unsubstituted
o-phenylenes are fluorescent, as shown in Figure 9. Despite the
expected attenuated conjugation for the o-phenylenes, the emis-
sion maximum for oP(H)* is actually red-shifted compared to the
analogous p-quaterphenyl (396 vs 365 nm).> Like the UV—vis
spectra, the shapes of the fluorescence spectra are found to be
independent of concentration and solvent (Figure SS). Excita-
tion spectra are in good agreement with the UV—vis spectra
(Figure S6). Quantum yields were measured relative to 9,10-
diphenylanthracene (®¢= 0.91)°” and are tabulated in Table 1.
While oP(H)? is essentially nonfluorescent (®f could not be
determined on our instruments), the quantum yields increase
with increasing length and plateau around 0.18, which is identical
to the reported quantum yield of biphenyl (0.18).°%*® This
behavior is very similar to the behavior of the oP(OMe)" series
(e.g, for oP(OMe)®, D¢ =0.19). Fluorescence lifetimes (7¢) were
determined by time-correlated single photon counting in
degassed cyclohexane. The lifetimes increase with increasing
chain length, although in all cases are substantially less than that
of biphenyl (16 ns). 8 Radiative rate constants (k, = @ ") fall
to a constant limiting value of 3 X 107 s~ for n = 6, whereas
nonradiative rate constants (k. = (1 — ®¢)7; ') appear to fall
to a limiting value of 14 x 10" s~ ' forn > 7.

The fluorescence spectra exhibit a small but systematic
hypsochromic shift with increasing length, with a overall shift of
about 20 nm from oP(H)* to oP(H)®. While changes in the
UV—vis spectra reach saturation quite quickly (n.q = 4), even
for oP(H)” and oP(H)® there is a significant difference in the
fluorescence maxima. As we had previously observed similar

behavior for the oP(OMe)” series, the blue shift in fluorescence
spectra with increasing length appears to be an unusual but
general feature of the o-phenylenes. This behavior is not ex-
hibited by most conjugated oligomers, with the exception of
certain donor—acceptor-substituted compounds for which ex-
tension of the chain length attenuates a charge-transfer interac-
tion. The oP(H)" series clearly should not exhibit charge-transfer
states (nor do we observe any solvatochromism in either the
UV—vis or fluorescence spectra). Since analogous hypsochromic
shifts are not observed in the UV—vis spectra of the oligomers,
this effect must originate from varying degrees of structural
rearrangements in the excited states, leading to reduced Stokes
shifts. This phenomenon therefore must result from the unusual
conformational behavior of the o-phenylenes compared to most
other conjugated oligomers. It is well-known that the p-pheny-
lenes undergo planarization in the excited state.*”*® Clearly, for a
stacked helical o-phenylene this is not possible. We speculate at
this point that the shorter oligomers must be better able to
accommodate reductions in ¢; in the excited state due to reduced
steric hindrance. We are currently undertaking time-dependent
DFT investigations of the excited-state properties of the oP(H)"
series in order to test this hypothesis.

Bl CONCLUSIONS

We have developed an improved method for the synthesis of
the parent o-phenylene oligomers oP(H)" up to the octamer.
Using NMR spectroscopy, we have shown that unsubstituted
o-phenylenes predominantly adopt stacked helical conformations
in solution. A more detailed analysis was possible for oP(H)®,
which adopts only three (of six) conformers, differing only in the
orientation of the ends of the chain. The conformational
distribution favors the stacked helical conformer and is similar
to that of our previously reported methoxy-substituted oP-
(OMe)®. Changes in the UV—vis spectra with length saturate
quickly for the oP(H)" series, which has an effective conjugation
length of 1. ~ 4 (compared to 1.4 ~ 8 for oP(OMe)"). Further,
the UV—vis spectra do not exhibit increasing hypochromicity
with increasing n. These behaviors may result from decreased
conformational rigidity for oP(H)". The fluorescence spectra
exhibit a hypsochromic shift with increasing length, an unusual
feature for conjugated oligomers that we believe derives from
inhibited excited-state structural relaxation for the longer
oligomers.
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