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An experimental and theoretical investigation was carried out on a series of platanetylide oligomers of

the general structure PIC=C—[PtL,—C=C—(1,4-Ph)}-C=C—],—PtL,—C=C—Ph (wheren=1, 2, 3, 4, 6;

Ph= phenyl, 1,4-Ph= 1,4-phenylene; |I= P(n—Bu)s;, and the geometry at Pt trans). The objective of this

work is to understand the geometry and electronic structure of the ground and triplet excited states of Pt
acetylide oligomers. The experiments carried out include temperature-dependent absorption and photolumi-
nescence spectroscopy (8298 K range) and ambient temperature transient absorption spectroscopy. Density
functional theory (DFT) and time-dependent density functional theory (TD-DFT) calculations were carried
out on several of the oligomers using the hybrid Becke’s three-parameter functional with the B3LYP correlation
functional and the SDD basis set. The combined experimental and theoretical results provide very clear evidence
that the triplet excited state is localized on a chromophore consisting approximately of a-gjRgle—C=
C—(1,4-Ph>C=C—PtL;]— repeat unit. DFT calculations indicate that in the ground state conformers that
differ in the (rotational) orientation of the 1,4-phenylenes with respect to the plane defined by t(@)PtL

units (twisted= t and planar= p) are very close in energy (difference ofl kcatmol™2). By contrast, in the

triplet excited state, the conformer is 3 kcamol™* lower in energy than thé conformer. The torsional
geometry change in the triplet state is reflected in the low-temperature phosphorescence spectra of the short
oligomers, where separate emission bands are seen frotratieep conformers.

Introduction materials are particularly attractive for fundamental studies

Conjugated polymers and oligomers represent an importantfocused on the properties of the triplet statesitonjugated

class of materials that show considerable promise for application €/€Ctron systems. In particular, incorporation of thedtietylide
in advanced electronic and optoelectronic devic&sMost unit into an organicz-conjugated electron system leads to
research and development efforts on conjugated materials havesignificant enhancement in the efficiency of$ intersystem
focused on the properties and applications of organic polymers ¢rossing combined with efficient phosphorescence. These
and oligomer$:8 However, the observation of very efficient ~Properties allow one to apply spectroscopy easily to explore
electroluminescence from devices based on phosphorescenthe triplet state and how it is influenced by factors such as
organometallic complexes has drawn attention to the importanceconjugation length and energy.
of heavy-metal-enhanced singlet triplet (S—T) intersystem Some of the most significant work in this area has been
crossing and phosphorescence in the development of advancedeported in collaborative efforts by Raithby, Khan, Friend,
optoelectronic materiafs!C In addition to their application in Kéhler, and co-worker& 4! Their work confirmed that the
electrophosphorescent deviéésrganometallic complexes and  excited states of Ptacetylides are primarily localized on the
polymers have also received attention as the active materials inorganic chromophore system and that absorption and emission
photovoltaic devicé$*3 and as nonlinear absorbing chromo-  of [ight arise froms, 7* transitions based on orbitals that are
phoresi*=17 . _ mainly localized on the organic chromophores)put contain
Platinum-containing complexes, oligomers, and polymers contributions from Pt-based )l orbitals. A comparison of the
represent an important class of organometallic materials for photophysics of Ptacetylide polymers with their monomer
optical and optoelectronic applicatiotfs:’Platinum has alarge  anajogs revealed that there is a higher level of electronic
spin—orbit coupling constant; consequenttconjugated ma- — yeincalization present in the polyméfsThis observation
terials that contain this element typically exhibit high triplet provides clear evidence for delocalization through the- Pt
yields and efficient phosphorescence. Platintanetylide-based acetylide unit, which is transmitted byz(Pt)—ps(C) interac-
polymers and oligomers have received considerable attemiontions”This gr’oup also showed how the singtetiplet splitting
because of their ease of synthesis combined with theirfavorableevol\}eS with conjugation length and that the energy gap law
optical propertied® 23 Whereas some of the research on-Pt holds for a diver e t Pacetviide-based coniugated
acetylides is directed toward applications such as electrophores- 0lds for a diverse series o cetylide-based conjugate

i 37
cence?* photovoltaics213and nonlinear absorptioft!>2%these oligomers and polymers: . )
We recently reported the synthesis and spectroscopic char-
* Corresponding author. E-mail: kschanze@chem.ufl.edu. Phone: (352) acterization of the series of monodisperse &tetylide oligo-
3?(2-9h133. Fax: (352) 392-2395. Web site: http://www.chem.ufl.edu/ mers, Ptn, illustrated in Chart #2 These oligomers are of
~Kschanze. . . . .
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Boulevard, Golden, Colorado 80401. conjugation length on the properties of the singlet and triplet
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CHART 1 transfer method from the Pacetylide oligomers to pyrerfé.
PBu, The Pt-acetylide solutions had an absorption of 0.6 at the
@{%ﬁtﬂH excitation wavelength (355 nm), and the concentration of pyrene
F'>Bu3 n was 3x 1074 M. The efficiency for the energy-transfer process
(nent) Was calculated using eq 1:
Pt-n n=2-57
_ kemlPYT] !
excited states. In our earlier communication, we reported the Tenr KenrlPyr] + Ky @)

effects of conjugation length on the absorption, fluorescence,
and phosphorescence spectra of the séfi@n the basis of  Here, kg represents the rate of decay of the triplet excited state
the effects of conjugation length on the energies of the various of Pt—acetylide in the absence of pyrene, and it was calculated
spectroscopic transitions, we concluded that there is a substantiafrom the excited-state decay kinetics observed at 660 nm. The
degree of delocalization in the singlet excited state whereas thedecay obtained when pyrene is added to the oligomer solution
triplet exciton is confined to a chromophore that encompassesgaveke,1[Pyr] + kg as a pseudo-first-order rate constant. The
only a small portion of a moderately long oligomer chain. In triplet—triplet molar extinction coefficient was obtained from
the present article, we describe the results of a more completeeq 2:
spectroscopic and theoretical analysis of the-rPseries of
oligomers. In particular, temperature-dependent absorption and _ NeatAépyAApy
phosphorescence spectroscopy was carried out, and the results Aep = AA,
provide clear evidence that the conformation of phenylene repeat v

units in the Ptacetylide chains has a strong influence on the | this equation AAs; is AA at 660 nm extrapolated to time
absorption and phosphorescence energies. Density functionaerg, wheread\Apy, is AA at 415 nm at a delay time when the
theory (DFT) calculations aid the interpretation of the spectro- pt—n triplet has fully decayed but the pyrene triplet has not
scopic data, and the results strongly suggest that at low sypstantially decayed (ca;5). The molar extinction coefficient
temperatures the all-planar conformation of the oligomers of the triplet-triplet absorption of pyrene was taken from the
predominates whereas at higher temperature a geometry injterature (\epy, = 36 400 Ml-cm 1 at 1 = 415 nm)*
which the square-planar Pacetylide units and the phenylene  Computational Methods. All calculations were carried out
units are oriented perpendicularly is populated. Transient ysing DFT as implemented in Gaussian®®&eometries were
absorption spectroscopy is used to generate the absolute-triplet optimized using the hybrid Becke’s three-parameter functional
triplet absorption spectrar(4), and the results support the  with the Lee, Yang, and Parr correlation functional (B3L4P¥
notion of a triplet exciton that is confined to a chromophore along with the SDD basis set, which employs the Stuttgart
consisting of a single-[PtL,—C=C—Ph-C=C—PtL;]—repeat  Dresden relativistic effective core potential with explicit treat-
unit. The DFT calculations support this model, suggesting that ment of platinum and the DunnirgHuzinaga valence double-
localization is partially driven by a quinoidal geometric distor- pasis set for the other atoms. Initially the 6-3#(@,p) basis
tion that is localized in the excited 1,4-diethynylphenylene unit. set was used for C, H, and P. However, an analysis of the
electronic structure results of the oligomers revealed no
Experimental significant differences between the results of the two approaches;
therefore, the SDD basis set was used throughout all of the
Materials. The synthesis and characterization of the series calculations, saving considerable computational time. Fer Pt
of Pt-acetylide oligomers were reported previou&ly.ow- 2, calculations were carried out for both relaxed and symmetry-
temperature spectroscopy was carried out with samples dissolvedestricted forms. Thé conformers were optimized witf,y
in 2-methyltetrahydrofuran (2-MTHF) that was purified by symmetry, whereas all other conformers were optimized under
distillation from Cahj. D2 or Cs Symmetry constraints. The optimized structures for
Variable-Temperature Spectroscopic MeasurementdJl- the conformational isomers of P2 were characterized by
traviolet-visible absorption spectra were obtained using a Vibrational frequency calculations. Energy minima for each
Varian Cary 100 spectrophotometer. Corrected steady-statestationary point were characterized either by the absence of
emission spectra were recorded on a SPEX F112 fluorescencémaginary frequencies or by the very low imaginary frequencies
spectrometer. The variable-temperature emission measurementgorresponding to phenyl rotation. Time-dependent DFT calcula-
were carried out by cooling samples in an Oxford Instruments tions were performed for all of the optimized structures at the
DN-1704 optical cryostat. The optical density of the samples same level of theory with the same basis set. Simulation of the
for emission measurements was adjusted to approximately 0.2phosphorescence spectrum of-Rtwas carried out according
at the excitation wavelength. The samples were degassed byto the method described by Gierschner and co-workers.
four repeated freezgpump-thaw cycles on a high-vacuum line.

Transient Absorption Spectroscopy.Transient absorption
spectroscopy was carried out on an instrument that has been Structure and Conformational Considerations. The plati-
described previousl§2 Samples were contained in a cell that num oligomers that are the focus of this investigation are
holds a total volume of 10 mL, and the contents were illustrated in Chart 1. The oligomers each contain a repeating
continuously recirculated through the pusmrobe region of unit consisting of a square-planarans-Pt(PBu)>(C), unit
the cell. Samples were degassed by argon purging for 30 min.alternating with 1,4-diethynylphenylene. An important compo-
Excitation was provided by the third harmonic output of a Nd: nent of this work concerns the conformation of the conjugated
YAG laser (355 nm, Spectra Physics, GCR-14). Typical pulse backbone. To facilitate a discussion of this issue, we will define
energies were 5 mdulse !, which corresponds to an irradiance two limiting conformations with respect to the rotation of the
in the pump-probe region of 20 m@m~2. Triplet—triplet molar phenylene groups around the long axis of the moletURy
extinction coefficients A¢) were determined by an energy- reference to Scheme 1, we define “twistet)’ds the conforma-

)

Results
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SCHEME 1 least seven fundamental vibrational modes with frequencies
ranging from 93 to 2165 cm. The weaker vibronic bands that
. appear at lower energy correspond to combinations of these
fundamental modes.

— & "
e W The temperature dependence of the phosphorescence of the
v Pt—n oligomers was studied over the temperature range from
90 to 298 K in 2-MTHF, which forms an amorphous glass at
twisted planar ca. 120 K. The phosphorescence of the oligomers changes
relatively little for temperatures above the solvent glass point
(130-298 K), and thus the spectra for this range are not shown.

€ gt < g A L, e However, as shown in Figure 2, upon cooling the samples
FHEEC S CEHWEE P e W SIS 09d 00 B2 through and below the solvent glass point (£30 K) interest-
e e v T e ing changes are seen in the emission spectra. Focusing first on
Pt-2-ttt Pt-2-tpt Pt—2 at 120 K, the emission envelope appears as a single 0

. ) . band ¢ = 519 nm) with a broad vibronic progression at longer
tion in which the planes defined by the square-plarems Pt- wavelengths. However, at lower temperature the0Oband
(PBu)2(C), and phenylene units are perpendicular and “planar” o2 qens and a shoulder is resolved at shorter wavelength. At

(p) as the conformation in which these two units are coplanar. g K, the intensity of the high-energy shoulder is ca. 60%

Scheme 1 also illustrates examples of this nomenclature aScompared to that of the main-® band. The shoulder is shifted

applied to wo important conformers of oligomeric—+2t ca. 660 cm? (1.8 kcatmol™2) to higher energy compared to
Specifically, Pt-2—tt is the conformer of Pt2in which the 6 main 6-0 band. It is quite evident from this series of

threﬁ phenyl rings are twisted Qf_lalative to the plarr:es defineid temperature-dependent spectra that in the solvent glas® Pt
by the twotransPY(PBu)2(C), units. In P2—1tpt, the central oy hijts Juminescence from several states and as outlined below
phenylene ring is oriented coplar_1ar relative to the planes d_ef'nedthese states are believed to be conformers that cannot intercon-
by the twotransPt(PBu)2(C), units, whereas the two terminal ot quring the lifetime of the triplet state in the frozen glass.

phenylene units are twisted 90 Similar effects are observed in the phosphorescence spectra
Variable-Temperature Absorption Spectroscopy.Figure of Pt—3 over the 136-90 K range. However, interestingly for

1 shows the absorption spectra for the series2PtPt—5 - .
obtained in 2-MTHF solution over a temperature range of 90 'I[Dht—S tlhe Tg?-enehrgy shqulder _:[[hatthatppearsl bzeslg/w 1|2(: K Itn
298 K. The absorption spectrum of each oligomer is dominated thetsofvfhn giass G%S sn 'g eAr\15|_y a ;.S on); th ore .al')\lle 0
by a strong band with a maximum in the near-UV region arising at of the main &t band. An inspection ot the variable-
temperature emission spectra for the longer oligomers4Pt

from the long-axis-polarized, z* transition. The absorption . o
maximum red shifts with increasing oligomer length, consistent and Pt-7) Sh_OWS that fo_r _these systems the hlgh-f_energy emission
with a degree ofr delocalization in the ground and first singlet component is hardly visible at l(.)W temp(_arature in the 2-MTHF
excited states. Interestingly, for all of the oligomers, the glass. For both of th_e longer oI_lgomers n the low-temperature
dominant absorption band red shifts, narrows in bandwidth, and splvent glass,_there is only a slight broadening observed on the
becomes more intense (increase dRpay With decreasing hlgh-engzrgy side of the-60 band. The trend.observed across
temperature. This behavior is similar to that seen in many the series suggests that for the Ionger oI.|gomersf there is a
sr-conjugated organic oligomers and polymers, where it has beenmecha}nlsm operating that a}llows t_h_e excitation to migrate away
from high-energy conformations, giving rise to the homogeneous

ascribed to changes in conformation of the repeating units in ="~ " P9
the z-conjugated systefft-53 We believe that a similar effect emission band shape characteristic of the low-energy conforma-
tion. As outlined in more detail below, we believe that this

is operating in the Ptacetylide oligomers; that is, as the S L .
temperature is decreased, a single conformational state of the’TOCess IS intrachain triplet exciton transfer.
O|igomers predominateS, g|v|ng rise to increaMnjugation Emission excitation .Stljldies prOVide clear eyidence that the
and a lowering of the HOMOLUMO gap. The different splitting of the G-0 emission band that occurs in the emission
conformational states are believed to arise as a result of rotationSPectra of the Ptn oligomers below 120 K arises as a result
of the phenylene rings relative to the planes defined by the of the existence of noninterconverting conformers in the frozen
square-planar P#2, units. The origin of these effects is solvent glass. Figure 3 shows the emission excitation spectra
exp|0red more fu”y below, where the results of quantum of Pt—2 obtained while monitoring the emission at 497 nm (the
chemical calculations are presented. peak of the high-energy shoulder) and 517 ntRa for the
Variable_Temperature Photoluminescence Spectroscopy_ main 0-0 band). Two nearly identical, well-resolved excitation
Further insight into the effect of temperature on the spectroscopyProfiles are obtained, each featuring a distinetOband with
of the Pt-acetylide oligomers is provided from emission studies & Vibronic progression at higher energy. Interestingly, the
carried out over temperatures ranging from-@98 K. As excitation band that is obtained wifln = 497 nm (the high-
reported previously, each of the-Rt oligomers o = 2—5,7) energy shoulder) is shifted ca. 1490 th{4.2 kcatmol™?) to
exhibits a moderate|y intense phosphorescence band&w&m hlgher energy ComparEd to the excitation band obtained with
~ 520 nm {max corresponds to the-00 band)*2 The position Aem = 517 nm. The emission spectra that are also shown in
of the 0-0 phosphorescence band is nearly independent of Figure 3 show that it is possible to selectively excite the different
oligomer length, consistent with the triplet exciton being Pt=2conformers presentin the low-temperature glass to produce
spatially confined to a segment of the oligomer. The emission distinct emission spectra (i.e., photoselection).
envelope also features a manifold of vibronic sub-bands at lower In particular, withiex = 340 nm, an emission profile with a
energy from the 60 band. The origin of the vibronic progres- 0—0 band at ca. 500 nm is observed, whereas Wit~ 385
sion is revealed by a FranelCondon band analysis, which is  nm, a similar emission profile is seen, but the®band is
described in a later section. This analysis shows that the spectrakhifted to 519 nm. Note also that the spectrum obtained with
progression arises from the coupling of the excitation with at the longer excitation wavelength is considerably better resolved

”
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Figure 1. Variable-temperature absorption spectra of &tetylide oligomers P2 through P+5: (=) T= 90 K, (--*) 120 K, (— — —) 190 K,
(= —)250 K, (—-—) 298 K.

300
1400 F
P4 150
1200 |
1000 | 1 200
800 ¢ 1150
600 |
1100
g 400 Lo 7
& 200f 2
= F3
2 ag [ { i * i 0 F
5 4 jew0 7
& Pt-3 Pt-7 &
E 4 800 =3
300 +
1 400
200 - 1 L 1300
1200
100 |
100
a 4 - 0
500 550 600 650 T00 500 550 600 G50 TO0

Wavelength / nm Wavelength / nm

Figure 2. Variable-temperature phosphorescence spectra for oligometRtough P+4 and Pt7: (=) T=90 K, (---) 100 K, (— — =) 110
K, (—+—) 120 K, (- - —) 130 K.

(narrower vibronic band widths), suggesting that low-energy oligomers exist in different conformational states and that the
excitation selectively excites a homogeneous population of population distribution of the conformers is influenced strongly
conformers. Principal component analysis of-Pt(80 K) by temperature. A second point that is crucial to fully explaining
emission spectra obtained at a variety of excitation wavelengthsthe observations made in the photoluminescence spectroscopy
suggests that the excitation wavelength-dependent emissionis the notion that the triplet state is spatially confined in the
spectra can be reconstructed by using just two principal emissionoligomers. In the next section, we present the results of ambient-
components with spectra similar to those shown in Figu¥e®S. temperature transient absorption studies that provide clear
This observation suggests that the wavelength-dependent excitaevidence that the triplet state in these-Rtetylides is spatially
tion and emission profiles are determined by the existence of confined.
two distinct conformers that are frozen in the glass. Very similar ~ Transient Absorption Spectroscopy: Evidence for Triplet-
observations were made in wavelength-dependent excitation andState Localization. Transient absorption spectroscopy was
emission spectra of the longer oligomers<Btand Pt-4, data carried out on the series of P oligomers with the objective
not shown)6 being to quantify the triplettriplet absorption spectra and to

It is evident from the temperature-dependent absorption and provide further information on the structure of the triplet exciton.
emission studies outlined above that in solution the-rPt For each oligomer, excitation at 355 nm produces a strong
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Figure 3. Emission and emission excitation spectra for &tetylide oligomer Pt2. Excitation spectra recorded withm at 497 nm ¢) and 517
nm (— — —). Emission spectra recorded withy at 340 nm ) and 385 nm { — —).

0.15 T T T T

transient absorption signal due to the triplet state that decays
with a lifetime of ca. 10us. The set of difference absorption
spectra shown in Figure 4a forP3 is representative of the
entire series of oligomers. In particular, the difference spectrum
is characterized by a negative difference absorption band in near-
UV combined with a broad absorption band with a maximum
between 600 and 700 nm. The negative difference absorption
in the near-UV corresponds to bleaching of the ground-state
absorption band that is assigned to ther* (So—S,) transition.

The broad visible absorption band is due to-T, absorption

by the triplet excited state. The difference spectrum shown for
Pt=3 in Figure 4a is very similar to that of the polymer with
the same repeat unit structure;BtL,—C=C—Ph-], (L =
PBw, Ph= 1,4-phenylene}? which shows that the difference
spectrum is characteristic of the triplet exciton state in the Pt
acetylide oligomers and polymers.

To generate absolute absorption spectra for the triplet excited 5[ ]
state oligomers, the energy-transfer method was used to
determine the concentration of the triplet excited state produced
by laser excitatiort* Given this information, it is possible to "¢ 18+
determine the difference molar absorptivity spectrtyafl) =
et(A) — €gA), whereer(1) is the absorption spectrum of the
triplet excited state oligomer aney(1) is the absorption
spectrum of the ground state. Finally, addition of the ground-
state absorption spectrum to the difference molar absorptivity =~ 50e+4
spectrum allows one to recover the absolute absorption of the
triplet excited state, that igr(A) = Ae(d) + egsA).

The acceptor for the energy-transfer studies was pyrene,
which was chosen because it does not absorb appreciably a Wavelength / nm

355 nm, its triplet energy is below that of the oligomeks-( Figure 4. (a) Transient absorption spectrum ofBt (=) t = 0 us,
(pyrene)~ 48 kcatmol~! vs Er(Pt—n) ~ 55 kcatmol™1%), and () 3.2u8, (= — —) 6.4us, (- - —) 9.6us, (— - —) 12.8us,  — —

e/M T em

1.0e+5

00

it has a strong triplettriplet absorption af = 415 nm A¢ = ) 16.0us. Solid black line: ground-state absorption spectrum ef3t
36 400 Ml.cm1).4 Figure S-1 in Supporting Information  (b) Absolute triplet-state absorption spectra for—Rt oligomers
illustrates transient absorption data for a solution that contains computed as described in the text:- Y Pt-2, (- — =) Pt=3, (—* —)
Pt-3 and pyrene, and the method used to determie(@) from P-4, (= ) Pt=5, (- 0) PET7.

the data is described in the Experimental Section. the 600-700 nm region that is due to the T, absorption;
Figure 4b shows the absolute absorption spectra of the tripletthere is some variance across the series (which likely arises in

excited statedr(1)) for the series of Ptn oligomers recovered  part because of experimental uncertaintyAn estimated at

as described above. Each spectrum features the broad band ig=15%), but the absorptivity generally falls in the range of<60
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SCHEME 2
PBuy PBu; PBug, * PBus
< >—: |:=t—<: H: s::1 — ¢ VY= F:’t%—<: >—: F:-‘t—<: >
PBu; PBu; — PBu; PBu;

80) x 10®* M~1.cm™L. These values are comparable to those (subscripts indicate atomic hybridization) bonds is quite low
observed in a recent study of-Ricetylide complexes of the (ca. 1 kcalmol™). In this respect, the Piacetylides are very
type aryl-C=C—Pt(PBy),—C=C—aryl.5® In addition to the similar to oligo(phenylene ethynylene)s, where the barrier to
T1—Tn band, an absorption feature that becomes more intenserotation around the &;—Cspbonds is alsas1 kcatmol~1.59-61
with oligomer length is observed withyax &~ 380 nm, which The lowest-energy conformation is F2—ttt in which the
closely corresponds to the-SS; absorption of the ground-state  planes defined by the Pi€, units and the phenylenes are
oligomer. Careful inspection of the data shows that this transition perpendicular. This finding is consistent with the conformations
is nearly absent in P2 and very weak in Pt3 but that its present in crystals of several-Pacetylide oligomer8?63in the
intensity rapidly increases for P4, Pt=5, and Pt7. We believe crystals, the arylene units are rotated® @ more relative to
that this transition arises in the longer excited-state oligomers the planes defined by the B units. The DFT calculations
because the triplet state is confined to a short segment and theon Pt-2 indicate that the energy cost for rotating a terminal
remainder of the oligomer acts as a ground-state chromophorephenylene into the conformation is~0.5 kcatmol~* whereas
that exhibits its characteristioSS; transition atl ~ 380 nm. the energy cost for rotation of the central phenylene intopthe
Using the value of the ground-state molar absorptivity per repeat conformation is~0.8 kcatmol~l. These effects are nearly
unit (~40 x 10 M~1.cm™),42 the intensity of the residual  additive, suggesting that for P2 there is a family of conformers
absorption in the & S; region for the excited-state oligomers that lie <2 kcatmol~!above the lowest-energy conformer that
can be used to estimate the spatial extent of the triplet exciton.interconvert via rotation around the z-Cspand PtCspbonds.
This estimate leads us to the hypothesis that the triplet exciton  The small rotational barrier is mostly due to steric factors,
encompasses a chromophore that consists approximately obut electronic interactions also play a role. In particular,
—[PtL,—C=C—-Ph—C=C—PtL;]—. For example, in Pt4 we calculations carried out with PBuather than PMgligands
envision the triplet exciton to be confined to a chromophore showed a slight increase in the energy wfrelative tot
segment, as highlighted in red in Scheme 2. conformers. An inspection of the plots of the HOMOs for-Pt
Density Functional Theory Calculations.Density functional 2—ttt and P+2—tpt (Supporting Information, Figure S-2)
theory (DFT) calculations were applied to provide insight supports the premise that orbital interactions may also play a
concerning the energies of various conformers for the ground role in determining the lowest-energy conformation. In particu-
and triplet excited states of the-Rt oligomers. In addition, |ar, for thettt conformer there is a large extent of electronic
time-dependent DFT (TD-DFT) calculations were used to delocalization across the entire oligomer, and coupling between
provide insight concerning the effect of conformation on the the phenylene ethynylene units is mediated by the overlap of
S—S; transition. A large set of calculations were carried out the p orbitals on the &carbons with the in-plane Pt arbital.
on Pt-2, Pt-3, and Pt4 to explore the relative energies of By contrast, in thetpt conformation the HOMO is more
ground-state conformers; the results obtained on the differentconfined to the central phenylene unit, and there is overlap of
oligomers were qualitatively similar; therefore, detailed results the p orbitals on the & carbons with the out-of-plane Pt 5d
are presented herein only for-P2. In all of the calculations and 6p orbitals.
that are reported, the butyl chains on the PBgands were Regardless of the origin of the effect, the preference for the
truncated to methyls to facilitate the computations. twisted conformation extends to the other members of thenPt
DFT was used to compute the energies of a variety of series. Figure 5 illustrates the lowest-energy conformations
conformers for Pt2. The structures were obtained either computed by DFT for Pt2, Pt—3, and Pt-4. In each case the
through geometry optimization without symmetry constraints «q)|-t" conformation is energetically preferred over conformers

or via optimization with specific symmetry constraints imposed. i which terminal or internal phenylenes are rotated intogthe
Energy minima for each stationary point were characterized gnformation.

either by the absence of imaginary frequencies or by the
presence of a single imaginary low frequency corresponding to |,
phenylene rotation. Table 1 lists the relative energies of six
conformations of Pt2 that differ with respect to the orientation

of the phenylene units. In general, the calculations demonstrate
that the barrier to rotation around thes,&-Csp or Pt=Cs,

DFT was also used to obtain the optimized geometry for the
west triplet (excited) state in P, Pt—3, and Pt+4. Similar
results were obtained for P2 and the longer oligomers, as
outlined below. For each oligomer, the calculations strongly
support the premise that the triplet is spatially confined. Figure
6 shows two conformations of the lowest triplet state of Pt
along with calculated bond lengths. (The ground-state2Pt

TABLE 1. Relative Energies of Conformers of Pt-2 ttt structure is included in the figure for comparison.)

electronic  relative energy/ Interestingly, in the triplet state thgot conformer is the

conformef symmetry state keakmol™1® energy minimum, whereas thét conformation lies ca. 3.1

ttt Con S 0 kcalFmol™! higher in energy (Table 1). Note that the relative

ptt Cs So 0.55 energetic ordering of the conformations in the triplet state is

tptt 22“ g’; E'Ig inverted compared to that in the ground state. Moreover, the

Bf’p Do, S 115 energy difference between theandt conformers is substantially

ppp Con S 1.45 increased in the triplet state. Comparison of the bond lengths

tpt Don T1 0 for the triplet Pt-2—tpt and ground-state P2—ttt structures

tit Con T 31 reveals that in the former there is a clear quinoidal geometric
a See the text for a definition of conformer nomenclatirénergy- distortion that is concentrated in the central 1,4-diethynylphe-

optimized structures using DFT with an SDD basis set. nylene unit.
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Figure 5. Geometry-optimized structures of-P2 through Pt+4 computed by DFT. Lowest-energy conformers are shown for each structure.

Pt-2-tit (triplet)

Pt-2-tpt (triplet)

Figure 6. Geometry-optimized structures of-F2. (Bottom) Pt-2—
tpt, lowest-energy conformation of triplet excited state)(TMiddle)
Pt—2—ttt, triplet state (T), conformer lies 3 kcamol~* above thept
conformer. (Top) Pt2—ttt, lowest-energy conformation of the ground
state (9). Numbers show bond lengths in each structure.

Geometry optimization for the lowest triplet state it

(Figure 7). This analysis shows that the geometry of the triplet
differs from that of the ground state only in the core
—[PtL,—C=C—Ph—C=C—PtL,]— unit. In particular, as shown
by the structure and graph in the triplet state there is a quinoidal
geometric distortion that is localized within the central 1,4-
diethynylphenylene unit. It is important to note that the results
of the calculation are entirely consistent with the spectroscopic
studies of the triplet state, which led us to conclude that the
triplet state in the Ptacetylides is confined to a chromophore
consisting of a single-[PtL,—C=C—Ph—C=C—PtL,]— unit.

Time Dependent DFT Calculations: Effects of Conforma-
tion on Transition Energies. TD-DFT calculations were carried
out on several conformers of P2, Pt—3, and Pt-4 in order to
provide insight into the relationship between the conformation
of the conjugated chain and the energies of thes and $—
T transitions. At the outset, it was hoped that the TD-DFT
results would provide the basis with which to explain the
experimental temperature-dependent absorption and phospho-
rescence data. Table 2 summarizes the results of the TD-DFT
calculations. Before discussing these results in detall, it is
important to point out that in general the TD-DFT results are
in agreement with the experimental spectral data. For each of
the oligomers, the calculations provide transition energies that
are within 0.5 eV of the observed spectral bands.

The TD-DFT calculations show that in the &ltonformations
of Pt—2, Pt-3, and Pt-4 the $—S; transition is dominated by
the HOMO-LUMO transition. The calculated transitions shift
to lower energy with increasing oligomer length, and the

results in a similar effect: the lowest-energy conformation is calculated shifts are in good agreement with the experimentally
ttptt, where the central phenylene ring is rotated planar. This 0bserved red shift in the absorption bands. The results support

conformation is ca. 3 kcahol™! lower in energy compared to
that of thettttt conformer. More insight into the structure of
the triplet in P4 comes by comparing the bond lengths for

the notion that in the Ptactylide oligomers there is a substantial
degree of delocalization in the singlet excited state.

To probe the effect of conformation on the-S5; transition

the lowest-energy triplet- and ground-state conformations energies, TD-DFT calculations were carried out on oligomers
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Figure 7. Plot showing bond lengths for P# structures. X-axis labels indicate bond numbers starting from the para position of one of the
terminal phenylene rings®) Pt—4, lowest-energy conformer of the ground statg).(87) Pt—4, lowest-energy conformer of the triplet state)(T
Structure shown at top shows bonds that differ in length by more than 0.01 A in the singlet and triplet states. Red bonds are shorter and blue bonds

are longer in the triplet state.

TABLE 2. Results of TD-DFT Calculations on Pt—n Oligomers

Triplet absorption on Triplet absorption on
Singlet absorption ground-state geometry triplet-state geometry
orbital % calc. calc. exp. calc. calc. calc. exp.
oligomer transitions contr. S—S;,nm  fina.u. $—S;, nm So—T1, NM fin a.u. Ti—So,nm  T1—S, nm
Pt—2—ttt H—L 100 319 2.1042 355 474 0 658 516
Pt-2—tpt H—L 98 370 1.8025 511 0 695
H-3—L+2 2 370 1.8025 511 0 695
Pt_3ttit H—L 96 331 3.2337 363 477 0 553 517
H-1—L+1 4 331 3.2337 363 477 0 553 517
Pt-3—tptt H—L 98 372 2.3981 511 0 695
H-5—L+4 2 372 2.3981 511 0 695
Pt—4—ttttt H—L 90 336 45028 367 478 0 658 518
H-1—L+1 10 336 45028 367 478 0 658 518
Pt-4—tiptt H—L 98 373 3.0397 511 0 695
H-13—L +7 2 373 3.0397 511 0 695

aThe Cx; symmetry of this structure forces the triplet to delocalize on both of the inner 1,4-phenylenediyl segments3eftt®t
Therefore, the calculated triplet emission wavelength is considerably different for this structure compared to those of ntbiggd?bers in this

column.

with one of the phenyl groups in thp conformation. In optimized triplet-state geometry. In each case, calculations were
particular, for Pt-2, Pt—3, and Pt-4 the $—S; transition energy made for the all- conformers and for structures in which one
was computed for thept, tptt, andttptt conformers, respec-  phenylene unit is in the conformation. The & T transition
tively. Interestingly, the results show that in each case the energies computed using the ground-state geometry are in
rotation of a single phenylene unit into thbeconformer results remarkably good agreement with the experimentally observed
in a substantial lowering of thepS$S; transition energy. For ~ phosphorescence energies, whereas those computed using the
Pt=2, Pt-3, and Pt+4, the $—S; transition is shifted to lower  triplet geometry underestimate the experimental energy by ca.
energy by 0.53, 0.41, and 0.37 eV, respectively. An important 0.5 eV. Regardless of which geometry is used, the TD-DFT
point is that the TD-DFT computed difference in the-%; calculations indicate that theST; transition energy is affected
transition for the alt conformers relative to those that contain very little by oligomer length. This result is in agreement with
a phenylene unit in the conformation is very similar to the  experiment and supports the notion that the triplet exciton is
shift in the experimental absorption spectra of the oligomers as strongly confined in the Ptacetylide oligomers.
the temperature is decreased from ambient to 80 K (Figure 1). The TD-DFT calculations suggest that the conformation of
Two different TD-DFT methods were used to compute the the phenylene units has a similar effect on the 5 transitions
S—T1 energy gap. Specifically, calculations were carried out as described above for thg-SS; transitions. In particular, for
using the DFT-optimized ground-state geometry and the DFT- Pt=2 computed &—T; transition shifts are from 474 nm for
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i ) " ) " i triplet- Pt=2—tpt and ground-state PR—tpt geometries.
1.0 | e Exp Among the large number of normal modes for ground-state Pt
—— Calc, half bandwidth: 320 cm*? 2—tpt, only those modes withgasymmetry serve as coupling
20g] — Calc, half bandwidth: 100 ¢cm-! modes for the T— S transition. In the calculated spectrum,
% we used the seven vibrational modes that display relatively large
= Huang-Rhys constantsy > 0.08)#° These modes are located
5% at 93, 216, 533, 835, 1213, 1648, and 2165 &mand they are
N illustrated in Figure S-3 in the Supporting Information. As
g 0.4 shown in Figure 8, the position of the primary vibrational sub-
S bands agrees very well with the experimental spectrum;
= 02 1 however, the calculation underestimates the intensity of the sub-
' bands. This indicates that the calculated HuaRys constants
are underestimated possibly as a result of the neglect of the
0.0

effect of the phenylene torsional modes on the HuaRbys
factors®4

The important point with respect to triplet-state structure is

14000 15000 16000 17000 18000 19000 20000
Frequency / em-!

Figure 8. Comparison of experimental (black) and calculated phos- that, as shown in Figure S-3, all of the vibrational modes above
phorescence spectra off2. Spectra are computed using the seven

vibronic modes shown in Figure S-3 (Supporting Information) according 533 cm* that are cqupled to the T S tra'nsmo.n are Iocahzed.
to the procedure described in ref 49. Huaiiys factors are multiplied 0N the central 1,4-diethynylphenylene unit. This fact emphasizes
by 2 in the simulated spectra to facilitate comparison of the computed that the triplet chromophore can be represented by Scheme 2.
and experimental spectra. The calculations also provide insight into the difference in
geometry between the ground and triplet excited states. In
the ttt conformer to 511 nm for thept conformer. (For  particular, the calculations indicate that in the ground state there
calculations on ground-state geometry, the shift corresponds tojs a relatively low barrier for rotation of the phenylene units
0.18 eV or 4.1 kcamol™.) Similar shifts of the T transition around the oligomer axis. The calculations also suggest (but
energy are seen for the other oligomers as one phenylene unitdo not prove) that in the ground state thetatienformation is
is rotated into thep conformation. It is interesting that the  most stable. By contrast, the DFT calculations suggest that in
calculated shift in the ST, transition energy corresponds very the triplet state there is a significant quinoidal geometric
closely to the difference in energy between the two emission distortion in a single—[PtL,—C=C—Ph—C=C—PtL,]— unit
bands seen for P2 and Pt-3 in the frozen 2-MTHF solvent  that comprises the triplet chromophore (Figures 6 and 7). In

glass AE ~ 4.2 kcatmol™). addition, the phenylene unit in the triplet chromophore is in
_ _ the p conformation, and there is a substantially larger barrier
Discussion for rotation of this phenylene unit in the triplet state: the
. . . )
Structure of the Triplet Exciton in Platinum —Acetylide conformat!on of the triplet is 3 keahol™ ahove thep
conformation.

Oligomers. The experimental results presented above provide . . . _ . o
compelling evidence that the triplet exciton in the—Rt Th.IS. model pf a Iocallzeq triplet exciton brings with |t.the
oligomers is localized to a short segment length. First, as pointedP0SSibility that in a longer oligomer (or in a polymer) the triplet
out in our previous communicatidA,the phosophorescence €xciton may diffuse along a chain via hopping between adjacent
energy shifts very little across the entire series. Second, thefiplet chromophore segments. Triplet exciton hopping may be
quantitative transient absorption spectroscopy data presented ificcompanied by a small activation energy arising from a
this study further supports the notion of triplet localization. In €organizational energy that is caused by the geometric differ-
particular, the absolute absorption spectrum of the triplet state €Nce between the triplet- and ground-state &etylide chro-

in Pt-2 features little absorptivity in the 356100 nm region. ~ Mophores.

This shows that in the short oligomer the ground-state absorption  The phenomenon of triplet exciton hopping was explored in
(So—Sy) is completely depleted in the excited state, which is arecent investigation of a series officetylide copolymers’
consistent with the idea that in the-P the triplet chromophore  The results of this study suggest that at ambient temperature
encompasses the entire oligomer. However, as the oligomertriplet exciton hopping among triplet chromophores along a
length increases, the triplet-state absorption spectrum showschain occurs very rapidlyr(< 1 ns); however, at cryogenic
increasing absorptivity in the 35300 nm region. This temperatures in a rigid solvent glass, triplet exciton hopping is
demonstrates that in the longer oligomers the ground-stateslowed such that it is competitive with the exciton lifetime (
absorption is incompletely bleached, which is consistent with ~ us)3" This slowing of triplet exciton hopping at low
the notion that the triplet exciton is confined to a small segment temperature is consistent with the notion that the process has a
of the oligomer chain. In essence, the residual absorption thatsmall to moderate activation energy (i.e., in the range-653
appears in the 358400 nm region for the longer oligomers is  kcalmol™?). Note that this is in accord with the DFT calculations
the $—S; transition in the unexcited segment of the oligomer. that suggest that in the triplet state the energy difference between
As noted above, on the basis of the spectroscopic results wethe t and p conformers is ca. 3 kcahol™t. The concept of
postulate that the triplet exciton encompasses the chromophoréiopping of a localized triplet exciton along an oligomer chain

illustrated in Scheme 2. will be used below as we explain some of the spectroscopic
The DFT calculations are in complete accord with our model results.
of triplet exciton localization in the Ptn oligomers. First, clear Model to Explain Temperature Dependence of Absorption

evidence of triplet localization comes from the similarity and PhosphorescenceAt this point, we develop a model to
between the calculated vibronic progression in the phosphores-explain the most significant experimental observations of this
cence spectrum and the experimental emission spectrum-@f Pt work: (1) with decreasing temperature, the absorption spectra
(Figure 8). The simulated spectrum was obtained using the of the Pt-n oligomers red shift and narrow in bandwidth and
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(2) at low temperatures in a solvent glass, the phosphorescencécalmol™t. Although the PCM results are not definitive

of the short oligomers (P2 and Pt3) is split into two (because the structures were not optimized in the presence of
components, whereas for the longer oligomers the splitting is the solvent), they clearly show that solvent effects may be a
less evident. First, in a general sense it is clear that the changepossible explanation for the apparent stabilization of phe

in the absorption and phosphorescence spectra arise as a resutonformer in 2-MTHF.

of the effect of temperature on the conformation of the  We now explain the observed temperature-dependence effects
oligomers. In the ground state, the barrier for interconversion on the phosphorescence spectra of the oligomers. First, for all
of thet andp conformers is very low; consequently, at ambient of the oligomers at temperatures above the glass point of the
temperature the oligomers exist in a large number of conforma- solvent the phosphorescence has a singlé band with a clear
tions that are able to interconvert rapidly. However, as the vibronic progression. Here, we use—ft as an example to
temperature decreases the conformational equilibrium shifts soexplain this observation, but the effects are the same in the
that the more stable conformation predominates and conjugationlonger oligomers. Vertical excitation of the altonformation,
along the oligomer backbone increases. Finally, as the temper-Pt—2—ttt, affords the FranckCondon excited state, *P2—

ature falls below the solvent glass point (ca. $2@0 K in the ttt. This state rapidly undergoes conformational isomerization
present work), the oligomers are frozen in a state where someto produce the relaxed triplet state, *—tpt. On a longer
conformational disorder may remain (i.es;p interconversion time scale, the relaxed triplet decays via radiative and nonra-
is prevented). diative decay. In fluid solution, conformational relaxation is

A shift in conformer equilibrium with decreasing temperature rapid; consequently, phosphorescence is observed only from the
explains the red shift that occurs in the absorption spectra with relaxed triplet state (i.e., the conformation), which explains
decreasing temperature. On the basis of the ground-state DFTWhy only a single phosphorescence origin is observed in the
calculations, one would predict that as the temperature decrease§Pectra of all of the oligomers at ambient temperature.
the allt conformation will begin to predominate (Table 1).  As noted above, at low temperature the oligomers exist
However, this prediction leads to a contradiction: The TD-DFT preferentially in thep conformational state. However, there is
calculations indicate thatconformers absorb at higher energy still likely to be some conformational heterogeneity present, that
(blue shift) relative to thep conformers. In apparent conflict IS, some oligomer repeat will exist in theonformation. When
with this is the fact that the experimental absorption spectra the temperature falls below the solvent glass point, the confor-
red shift with decreasing temperatuoppositeto the direction mational distribution is frozen on the time scale of the triplet
of the shift that is expected if the alleonformers predominate  lifetime. For Pt-2 in the frozen glass, there will essentially be
at low temperature. Given the very clear result from the TD- two distinct populations of molecules with conformations that
DFT calculations, which show that conformers absorb at ~ Will phosphoresce at different energiethose with the central
considerably lower energy than doconformers, we believe  phenylene ring in theand those with the conformation. These
that the experimental absorption results must be interpreted agwo conformers are the origin of the distinct emission and
showing thatp conformers predominate at low temperature. ~ €xcitation spectra that are shown in Figure 3. In particular2Pt

The apparent discrepancy between the theoretical and ex_oligpmers with thg central phenylene in the:onformation .
perimental results led us to carry out a more thorough DFT exhibit the blue-shifted phosphorescence and absorption (excita-

investigation to determine whether the lowest-energy conformer t!on) spectra, whereas_ those with phenylene mpth:en_forma— .
ist or p. Possible sources of error considered include (1) an tion exhibit the red-shn‘teql spectra. For thellonger ollgomerslln
inadequate theoretical approach, (2) neglect of vibronic- and the frozen glass_, there will still t_)e some oligomer repeat units
thermal-energy corrections to the total energy, and (3) neglectthat are f_rozen in _the c_on_formauon. HOWGV‘?“ th? likelihood
of solvent stabilization. First, several other theoretical methods th_at an ollgo_mer V\_"” exist in the all.conformation wil decn_aase
were employed to examine the effect of the method and basis‘.NIth increasing oligomer length. Thus, when a longer oligomer

set used for determining the energy difference betweand is photoexcited, if the triple_t exciton happgns to be_initially
t conformers® All of these calculations indicate that the produced on a repeat unit in theconformation, then it can

conformer is the lowest-energy structure withp energy simply hop via intramolecular energy transfer to a nearby triplet

differences similar to those obtained from the B3LYP/SDD chromophore that is in the conformation. The ability of the

caloulations. Next, we incorporated zero-point energy (ZPE) and {5 B0 BEC FUre BT BOREE SRR
thermal energy corrections to the enthalpy of each conformer P phosp P

(Pt—2—ttt and Pt-2—tpt) from frequency calculations. These for emission from the higher-energy state that is so prominent

results show that by including the thermal energy and ZPE in the low-temperature spectra of-F2 and Pt-3.
correction to the enthalpH;—, decreases to 0.04 kealol*
indicating that there is almost no preference of one conformer
over another at room temperature. The calculated entropy We have carried out a comprehensive experimental and
difference isAS—p = —9 catmol~1-K~%, which slightly favors  theoretical investigation that examined the properties of the
the shift of equilibrium to the Pt2—ttt conformer at room  ground and excited states of the series effPbligomers. This
temperature; however, with decreasing temperature the entropystudy was focused on exploring the electronic and geometric
term becomes negligible, and thus the equilibrium may begin structures of the ground and triplet excited states and how these
to favor the P+-2—tpt conformer. factors are affected by oligomer length.

Finally, we consider the solvent effect on the equilibrium of ~ The 7, 7* absorption band of the oligomers occurs in the
t — p interconversion. Although there is little difference between near-UV, and the band red shifts substantially with decreasing
the energy of the two conformers in the gas phase, it is possibletemperature over the 2980 K range. All of the oligomers
that in solution thep conformer is stabilized more than the exhibit phosphorescence with a0 band maximum near 520
conformer. Polarized continuum model (PCM) calculations on nm. Temperature-dependence studies show that the phospho-
the gas-phase optimized structures of P+ttt and P+2—tpt rescence energy and band shape do not change substantially
indicate that the latter is more stable in solution by ca. 3 with temperature until the solvent glass point is reached. Below

Summary and Conclusions
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