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High-resolution X-ray photoelectron spectroscopy (XPS) has been applied to a series of free-base-and Zn
porphyrin polymers in which the macrocycles are separated by oligo(phenylene vinylene) units (OPV) of different,
controllable lengths. Neat films of all the Zporphyrin polymers unexpectedly reveal two peaks in the N 1s

XPS region {400 eV). The peak areas vary with the length of the OPV bridge, suggesting an intermolecular

interaction between the porphyrin and linker subunits. A series of XPS analyses were performed to identify the
different interactions taking place in these thin films. To inhibit interpolymer interactions, one of the polymers
was incorporated into a nonconjugated PMMA matrix, collapsing the N1s spectrum to a single peak at 398.0 eV,
relative to the neat film signals at 397.8 and 400.1 eV. In a conjugated matrix of OPV, two peaks remain at 401.7
and 399.5 eV. Extensive vacuum drying of the neat film leads to a single peak at 398.3 eV, suggesting loss of
trapped solvent molecules. Ultimately, we attribute the lower energy signal of the neat films to solvent ligation,
and the higher energy peak is attributed to interactions between the porphyrins and conjugated bridges on nearby

polymer chains. This interpretation is successfully applied to the N 1s XPS data from a previously reported
Zn—porphyrin oligomer-based multilayer array.

Introduction

The design and study of supramolecular porphyrin complexes
has undergone tremendous growth in recent years. A variety o

porphyrin monomers;1° dimers!'~14 oligomers!>18 poly-
mersi®23 and nonlinear array$2° have emerged from new

synthetic methods. As the elegance of these systems improves,
exceptional control has been gained over their chemical and

gphysical properties. For example, these chromophoric structures

are often utilized in the study of energy and electron transfer,
particularly as models of light-harvesting, photosynthetic
systemg,7a1¥16.24.26-30 A continuing challenge in the study of
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FbPPV3: M = 2H, R = CgH1s
ZnPPV3: M = Zn, R = OCqHas

FbPPV5: M = 2H, R = OCgHy3, R'= H, x = 1
FbPPV9: M = 2H, R = OCgHq3, R'= H, x = 3
ZnPPV5: M = Zn, R = R' = OCy3Hys, X = 1
ZnPPV9: M = Zn, R = R' = OCyzHzs, X = 3

Figure 1. (a) Free-base and zinc porphyrin polymers with oligo(phenylene vinylene) bridges, Fb/ZnPPVn. (b) Zinc porphyrin oligomer with
oligo(phenylene ethynylene) bridge, ZnPPEPES3.

can aid in this endeavor by describing the effect of chemical electronic structuré3”8Intermolecular interactions may also
environments on the electron density about specific atoms in influence the physical and electronic properties in the solid
the solid staté:!3 state> The core electron binding energies (BE) of the central
Modification at the periphery of the porphyrin ring has been nitrogen atoms in a porphyrin are strongly affected by perturba-
well documented to induce intramolecular effects on the overall tions to the macrocycle, making N 1s XPS a sensitive probe of
changes in charge distributié§2 However, XPS does not
(23) Yamamoto, T.; Fukushima, N.; Nakajima, H.; Maruyama, T.; Yamagu- typically distinguish between the effects of inter- and intramo-
(24) ?2)"\}vgf:]igr‘?”;‘_)'\‘fvc_?fi%%%n?’ﬁ.?gfsﬁgggy‘ 33%m. Chem. Soc. _l€cular interactions. Furthermore, although XPS has been widely
1996 118 11166-11180. (b) Li, J.; Ambroise, A.; Yang, S. I.; Diers,  used to study porphyrin monomers in the solid staté,'°data

J. R.; Seth, J.; Wack, C. R.; Bocian, D. F.; Holten, D.; Lindsey, J. S. are available for relatively few multiporphyrin syste#ig’
J. Am. Chem. Sod999 121, 8927-8940. (c) Li, J.; Diers, J. R.;

Seth, J.; Yang, S. I.; Bocian, D. F.; Holten, D.; Lindsey, JJS0rg We have previously reported the synthesis and characteriza-
Chem.1999 64, 9090-9100. ' T ’ tion of a series of polymers in which porphyrin units were linked
(25) DrainaC-gl\éIE-i: glifi(ati;, 23 Vaszznko, A.; Batteas, J.Angew. Chem., by oligo(phenylene vinylene) bridges of different, controllable
Int. Ed. 1 7 (17), 2344-2347. P, 2
(26) Sharma, C. V. K.; Broker, G. A.; Huddleston, J. G.; Baldwin, J. W.; lengths .(Fb/ZnPPVn), aS.Shown in Flgurg 1ave have also
Metzger, R. M.; Rogers, R. DI. Am. Chem. Sod999 121, 1137 synthesized porphyrin oligomers with oligo(phenylene ethy-

1144, nylene) bridges (e.g., ZnPPEPE3, Figure W Similar
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Figure 2. Idealized structure of self-assembled ZnPPEPE3 multilayer

array.
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polymers (Fb/ZnPPVn, Figure l1la). These materials were
prepared as both neat films and spin-coated mixtures in
conjugated oligomer and nonconjugated polymer matrixes. Here
we report a detailed analysis in which XPS is used as a means
of identifying the types of intermolecular interactions that occur
in porphyrin copolymer films and assemblies. The goal of this
work is to provide a foundation for the characterization of future
porphyrin polymers and molecular architectures.

Experimental Section

Materials. All solvents and chemicals were used as received unless
otherwise noted. Dichloromethane was purchased from EM Science.
Free-base (Fb) and zinc(ll) tetraphenyl porphyrin (ZnTPP) was
purchased from Midcentury Chemical. Polymethyl methacrylate (PMMA,
Mw: 996,000 by GPC) and polystyrene (R8,: 280,000 by GPC)
were purchased from Aldrich.

The series of free-base and zinc porphyrin polymers bridged by oligo-
(phenylene vinylene) linkages (Fb/ZnPPVn, Figure 1a) was synthesized
using previously reported metho#isThe oligo(phenylene vinylene)
dialdehyde (OPV) was prepared by slight modification of a method
reported by Wang and Wasielews$kiemploying hexyloxy rather than
decyloxy sidechains. The oligo(phenylene ethynylene)-bridged zinc
porphyrin oligomer (ZnPPEPE3, Figure 1b) and multilayer architectures
(Figure 2) were prepared as described eatfidMeat films of each
porphyrin material were prepared for XPS analysis by spreading a very
small quantity of the solid powder on indium foil and lightly pressing
with a clean spatula.

Preparation of Spin-Coated Thin Films. Solutions prepared for
spin-coating consisted of 20 and 50% (w/w) mixtures of ZnPPV5 in
PMMA, PS, and OPV, dissolved in 10 mL of dichloromethane. These
solutions were concentrated by blowing a stream of nitrogen across
the surface until they became slightly viscous.

Standard glass microscope slides (VWR Scientific) were cut into

polymers utilizing a variety of aryleneethynylene groups 1.5 x 1.5 cm segments and washed first with copious amounts of
between porphyrins have recently been reported by Yamamotoacetone then with ultrapure deionized water. Slides were then immersed
and co-workerg2 The exceptional structural control exercised in “piranha” solution (3:7 (v/v) 30% kD, and concentrated 43Qy;

in such systems has resulted in materials with tunable photo-caution, highly corrosive) and heatedt®0 °C in a water bath for 1
physical and electronic propertié's??

In an effort to inhibit intermolecular interactions between
oligomeric ZnPPEPE3 chains, this fully conjugated material was

h. The slides were again thoroughly washed in ultrapure deionized
water, dried under a stream of nitrogen, and then heated in vacuo to
~140°C for 1 h toremove residual surface watértUpon returning to

room temperature, the substrates were spin-coated with the 20 and 50%

subsequently incorporated into a multilayer architecture via self- (wiw) porphyrin-containing solutions using in-house equipment.

assembling coordination chemistryin this system, porphyrin

Methods. X-ray photoelectron spectroscopy (XPS) was performed

units were coordinated to a pyridinium-terminated coupling layer using a modified PHI model 5500 multi-probe spectrometer. The
on glass substrates. Additional layers were assembled by axialinstrument contains a hemispherical analyzer that has apertures for spot
coordination to dipyridyl spacers (Figure 2).

N 1s XPS was performed on the multilayer system as a meansProduced B a 7 mm Alfilament. This filament is capable of decreasing

of probing its molecular structure. An amorphous thin film of
the Zn—porphyrin oligomer (Figure 1b) was examined as a
control sample. The XPS results were unusual in that both the

sizes of 36-800uM. Monochromatized Al K. X-ray excitation was

the charge broadening typically associated with monochromatized
beams using this geometry for the analysis of insulating samples. In
addition, charge compensation was accomplished by means of a
neutralizer filament operating under optimum conditions. The X-ray

amorphous film and ordered self-assembled array (Figure 2) source operated at 14 keV and 350 mA. Irradiation effects were
revealed two N 1s signatd To the best of our knowledge, such  monitored as a function of time in order to determine the sensitivity of

an XPS result had not previously been reported.
Typically, free-base porphyrin monomers reveal two peaks, (27) Fan, J.; Whiteford, J. A.; Olenyuk, B.; Levin, M. D.; Stang, P. J.;

with 1:1 areas. The higher binding energy corresponds to the
protonated nitrogen, the lower energy signal to the nonproto-
nated aton®2In metalloporphyrin monomers, the four identical
nitrogen atoms generate a single N 1s XPS signéPS on
Zn—porphyrin dimers reported by Polzonetti et al also reveals
a single N 1s peak® The same would be expected of our larger
arrays, unless the nitrogen atoms were experiencing multiple
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chemical environments. We hypothesized that inadequate (32) de Silva, A. P.; Nimal Gunaratne, H. Q.; Gunnlaugsson, T.; Huxley,

coordination between the porphyrinic zinc atoms and the

A. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T.Ghem. Re.
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dipyridyl spacers lead to localized intermolecular interactions (33) Leray, I.; Verniees, M.-C.; Bied-Charreton, CSens. Actuators, B

between oligomer chains in the multilayer assembfies.
To determine the nature of these interactions, we performed
an XPS study on a series of structurally related porphyrin

1999 54, 243-251.
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30 Table 1. N 1s XPS Results for Neat Films of Free-Base Porphyrin
Monomer and Polymets
Porphyrin N1 1s (eV) N2 1s (eV) AN (eV)
25
FbTPP 400.2 (49.4) 398.0 (50.6) 2.0
FbPPV3 400.1 (44.8) 398.2 (55.2) 1.9
FbPPV5 400.0 (44.8) 398.4 (55.2) 1.6
20 4 FbPPV9 400.0 (57.6) 398.2 (42.4) 1.8
aNumbers in parentheses indicate the relative peak areas for each
AT component.
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10 -
125 H
5 -
100 H
0 T T T T T
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Figure 3. N 1s XPS of FbPPV5 neat film on indium foil. Solid lines 50 4
indicate original data and fitted curves. Dotted line indicates residuals
from fitted curve.

25 -
the samples to degradation. Survey and high-resolution spectra were
collected at 65to the detector with pass energy resolutions of 187.5
and 11.75 eV, respectively. The linearity of the binding energy scale 0L : : . . !
was calibrated against the Au-4f(84.0 eV) and the Cu 2p (932.6 414 412 410 408 406 404 402 400 398 396 394
eV) photoemission lines by standard procedures. The measured binding .
energies were referenced to the C 1s line at 284.8 eV. The high- Binding Energy (eV)
resolution spectra for the regions of interest were curve fitted using Figure 4. N 1s XPS of ZnPPV5 neat film on indium foil. Solid lines
MultiPak 6.0 (Physical Electronics), a version of MatLab. Curve fitting  indicate original data and fitted curves. Dotted line indicates residuals
was performed using Gaussiahorentzian shapes with a Shirley  from fitted curve.
background. Minimization was performed using standard procedures

for curve-fitting routines. Table 2. N 1s XPS Results for Neat Films of Zinc Porphyrin
Monomer and Polymets
Results Zn—Porphyrin N1 1s (eV) N21s(eV) AN (eV)
High-resolution XPS was performed on each of the porphyrin ZnTPP 398.9
materials prepared as neat films on indium foil and 20 and 50% ZnPPV3 400.8 (9.1) 398.5 (90.9) 23
/w) mixtures of ZnPPV5 in polymer and oligomer matrixes ZnpPve 400.1(47.4) 397.8(52.6) 2.1
(w poly g ZnPPV9 399.9 (35.5) 398.6 (64.5) 1.3

spin-coated on glass. As a control, spin-coated ZnTPP at 20% ) o ]
(w/w) in polymer and oligomer matrixes was also examined. aNumbers in parentheses indicate the relative peak areas for each
All samples exhibited a strong peak in the C 1s region, which component.

was set to 284.8 eV in order to maintain consistency throughout the lower energy peaks (at 398.2 and 398.4 eV, respectively)
this study. Survey spectra revedl@ N 1ssignature after  account for 55.2% of the total N 1s signal. The relative peak
acquisitions as short as 6.5 min. Data indicative of two N 1s areas are reversed for FbPPPV9, with 57.6% of the area in the
peaks appeared in the high-resolution spectra after as little ashigher energy signal at 400.0 eV. The XPS data from the free-
70 min. The N 1s region of the mixtures was scanned for at pase systems are summarized in Table 1.
least 470 min in order to obtain sufficient signal-to-noise ratios  XPS of zinc porphyrin polymers ZnPPV3, ZnPPV5 (Figure
for well-resolved analyses. No significant sample degradation 4), and ZnPPV9 also surprisingly reveals two N 1s signals. This
was evident, even during the course of the 820 min of irradiation result contrasts sharply with the single peak typically observed
required for acquisition of the weakest signals. for metalated porphyrin monomers. The peak energies and
Neat Porphyrin Films. XPS of a neat film of the FOTPP  relative areas for the neat films are listed in Table 2. The 400.8
monomer yielded two sharp, well-resolved peaks in the N 1s eV peak of ZnPPV3 accounts for only 9.1% of the N1s signal.
region. They were of roughly equivalent areas, with binding Analysis of ZnPPV5 and ZnPPV9 reveals an increase in the
energies (BE) of 400.2 and 398.0 eV, corresponding to the area of the higher energy peaks (400.1 and 399.9 eV, respec-
protonated and nonprotonated nitrogen atoms, respectively. Atively) by at least a factor of approximately four. After vacuum
neat film of the ZnTPP monomer, which has four equivalent drying ZnPPV5 for 5 days at room temperature, XPS revealed
nitrogen atoms, exhibited a single N 1s peak at 398.9 eV. Takingonly a single N 1s peak at 398.3 eV. The nature of these
into account any differences in the relative C 1s energies, theseobservations will be explored in detail below.
results agree very well with previous literature rep8tt¥:62.10 It should be noted that N 1s energiese400 eV are higher
Neat films of free-base porphyrin polymers FoPPV3, FbPPV5 than those typically found in the literatu#@3-6.2.10.13Although
(Figure 3), and FbPPV9 all show two N 1s signals. The energiesthere is no significant evidence of X-ray induced sample
of each peak vary only slightly throughout the series. The peak degradation, the minor contribution of a protonated species is
areas for the three- and five-unit bridged polymers are identical; a possibility. It is also likely that differences in N 1s energies
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Figure 5. N 1s XPS of 20% (w/w) film of ZnPPV5 in PMMA spin
coated onto glass.

414 412 410 408 406 404 402 400 398 396 394
Binding Energy (eV)

Figure 6. N 1s XPS of 20% (w/w) film of ZnPPV5 in OPV spin coated
onto glass. Solid lines indicate original data and fitted curves. Dotted

relative to other reports correspond directly to the energies usedIIne indicates residuals from fitted curve.

;ci gihg rsi/e ;23 Ig\faé;ya?fgt?tl; 6“23;”2&”@?;22'?egéf’eﬁie nitrogen species that could not be adequately resolved. Based
signai (284.8 eV). ' gn data Iotz.taine?tr]r.om.the Iamorplhczju';s thin fiIrE, mgthg{natical
: — . econvolution of this signal revealed two porphyrinic nitrogen
_The dlff_erence be_tween the _bm_o!lng energies of the two species at 400.5 and ??99.0 eV, in additign Ft)oya peak fo? the
nitrogen signalsAN) is also of significance in the porphyrin pyridinium coupling layer There’ was some evidence of X-ra
polymer series. Typically, in a free-base porphyAN = 2.1 Y Yer. Y

+ 0.1 eV, largely independent of any peripheral substitu#nts. Educe.dbdecgmposn.l((j)'n .durlrrg extensive irradiation, which could
For example, we observe a difference of 2.0 eV for the FbTPP e attributed to pyridinium loss.
monomer. The porphyrin polymers reveal markedly different Discussion
results. Table 1 indicates a difference of 1.9 for FbPPV3, 1.6
for FbPPV5, and 1.8 eV for FboPPV9. From the data in Table Neat Polymer Films. Free-base porphyrins, since they
2, the difference is 2.3 for ZnPPV3, 2.1 for ZnPPV5, and 1.3 possess protonated and nonprotonated nitrogen atoms, are known
eV for ZnPPVO9. to exhibit two XPS signals of roughly equivalent area in the N
Spin-Coated Films: 20 and 50% (w/w) Porphyrin in 1s region, at approximately 400 eV. These peaks are typically
Polymer Matrixes. To determine if the occurrence of a second separated by 2.1 0.1 eV in porphyrin monomer&. It is
N 1s signal was the result of intermolecular interactions, films expected that the three free-base porphyrin polymers (FoPPV3,
were prepared with reduced porphyrin concentrations. This study5, 9) should also present two N 1s peaks, as is shown in Figure
was carried out on ZnPPV5 as the representative polymer.3 and Table 1. The peak areas akid for the polymers deviate
ZnPPV5 was incorporated into matrixes of polymethyl meth- noticeably from prior monomer studies and vary with the OPV
acrylate (PMMA), polystyrene (PS), and oligo(phenylene vi- bridge length, suggesting that the conjugated linker has an effect
nylene) (OPV), and then spin coated onto clean glass slides foron the charge distribution at the nitrogen atoms. No systematic
XPS analysis. In the nonconjugated PMMA matrix, the zinc trend is observed as a function of increasing OPV length. The
porphyrin polymer exhibited a single N 1s peak at 398.0 and binding energy (BE) of the protonated nitrogen atom (N1) is
398.2 eV for the 20 (Figure 5) and 50% (w/w) samples, lower relative to FbTPP, whereas the BE of the nonprotonated
respectively. Additionally, one peak was found at 398.5 eV for nitrogen atom (N2) is slightly higher (see Table 1), which is
the 20% sample in PS. In the conjugated OPV matrix at 20% consistent with weak electron-withdrawing and donating effects.
porphyrin, two N 1s signals were observed at 401.7 (29.7% The N 1s XPS of metalloporphyrin monomers reveal a single
peak area) and 399.5 eV (Figure 6). At 50%, the peaks appeareceak because the four nitrogen atoms are structurally and
at 400.1 (48.1% peak area) and 398.2 eV. As described aboveglectronically equivalent. The Zrporphyrin dimers studied by
N 1s energies of~400 eV and greater likely result from the Polzonetti et al also reveal a single N 1s peak, despite the loss
choice of reference and calibration signals, as well as possibleof four-fold symmetry brought about by the meso substituted
degradation impurities. Finally, as a control, ZnTPP was also conjugated linket3 The appearance of two N 1s peaks for the
incorporated at 20% (w/w) into PMMA and OPV, revealing a three zinc porphyrin polymers (ZnPPV3, 5, 9) is, therefore,
single N 1s peak at 398.2 eV in each matrix. unprecedented (see Figure 4). Peak separation clearly decreases
Self-Assembled Multilayer Architectures. XPS of the with increasing bridge length (see Table 2). Although further
porphyrin oligomer ZnPPEPE3 as a neat thin film on indium study is necessary, variationsAN are likely related to changes
foil yielded N 1s peaks at 400.1 (56.6% peak area) and 398.4in the conjugation length of the bridge units. Relative peak areas
eV. This material was incorporated into multilayer architectures deviate strongly from typical free-base monomer values and,
built upon a self-assembled pyridinium coupling layer on glass, as described above, are significantly influenced by the length
as described previously (Figure Z)XPS of a multilayer sample  of the OPV unit. Differences in peak areas of up to 10% have
resulted in a broad N 1s peak due to energetically similar been observed from one sample to the next, which could be
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due to variations in the physical structure of neat films. The N tions have been observed between porphyrins and other aromatic
1s binding energy of 398.9 eV for ZnTPP is between the values systemg49:364-43 For example, the presence of a noncoordinated
of N1 and N2 for the three Zaporphyrin polymers. The higher  benzene molecule has been reported to perturb the stereochem-
energy peak is consistent with electron-withdrawing effects, and istry of a Mn—porphyrin through a wealk interaction?® A
the lower energy peak is consistent with electron-donating similar effect could result in charge redistribution at the
effects in films of these materials. porphyrin nitrogen atoms, generating an additional chemical
The appearance of a second peak could be taken as evidenceénvironment and, thus, a second N 1s peak. However, porphy-
of demetalation during polymerization or extended X-ray rin—arener interactions are unlikely because they are inhibited
irradiation. However, prior characterization of the porphyrin in the same ways as porphyriporphyrin interactions (e.g.,
polymer by UV-vis absorbance and emission measurements ligand coordination§s—38
on spin-coated neat films and mixtures in other polymer matrixes ~ Solvent Ligation and Macrocycle Distortion. In addition
(i.e., polystyrene) indicates only the presence of the metallopor-to the interpolymer interaction referred to above, ligand
phyrin, with no detectable free-base impuriié€$he absorbance  coordination could also significantly alter the porphyrin N 1s
and emission maxima of the films are slightly broadened and binding energy. The solvent coordinating properties of metal-
red-shifted, relative to solutions in THF. Additionally, in the loporphyrins are well documentééiFor example, rutheniutn
solid state, emission from the OPV bridge units is quenched by tetraphenylporphyrin can axially coordinate two ligand mol-
intermolecular energy transférH NMR on the Zn-porphyrin ecules, such as carbonyl, pyridine, or THZinc" tetraphen-
polymers in CDG also demonstrates the absence of free-base ylporphyrin typically coordinates one ligand, such as THF,
specieg! Furthermore, the N 1s binding energy separation of pyridine#” or water?® Six-coordinate bis(THF}ZnTPP has
the Zn—porphyrins deviates strongly enough from that of the been reported in the solid state. However, after exposure to the
typical free-base systems to preclude a return to this configu- atmosphere, the crystals readily lost one THF moletule.
ration. Sample degradation effects, such as protonation, could XPS was run under ultrahigh vacuum (UHV) conditions. As
result in high N 1s energies 6f400 eV. However, no significant ~ such, it was expected that any residual solvent in the solid would
changes in the N 1s peak areag\dt are observed for the spin-  have been removed. However, after vacuum drying a neat

coated films, even after 820 min of X-ray exposure. sample of ZnPPV5 for 5 days at room temperature, the
Although substitution at the meso positions can affect the photoelectron spectrum was reduced to a single N 1s peak at
binding energies of porphyrin monomers and dinféés this 398.3 eV. The disappearance of one of the N 1s signals

type of intramolecular interaction does not result in two peaks suggested the loss of trapped, coordinated solvent molecules,
in the N 1s XPS regioA?3-691013Gjven the observations from  most likely THF from the synthetic procedur€sThus, the

our free-base and metalated polymer systems, we are led tosignal at 398.3 eV corresponds to the N 1s binding energy of a
hypothesize the occurrence of intermolecular interactions be-four-coordlnatg Zﬁpofphyfln polymer species. An intermo-
tween the porphyrin units and conjugated bridges of nearby lecular ligand interaction must represent at least part of the
polymer chains. initially observed multi-peak XPS data.

These phenomena are difficult to study on free-base systems The nondried ZnPPV5 sample exhibits two N 1s peaks at
because two N 1s peaks will appear regardless of any intermo-397.8 and 400.1 eV (Figure 4). The signal at lower BE can
lecular interactions. Hence, we have chosen to focus theNow be attributed to solvent ligation, as the four-coordinate
remainder of our investigation on the zinporphyrin polymers, ~ Porphyrin becomes five-coordinate (see Scheme 1la). Upon

specifically ZnPPV5, because only one N 1s peak is typically coordination, charge flows from the ligand, through the metal
expected for the metalloporphyrins. atom, to the porphyrin ringf Based upon Gouterman’s four-

orbital modek®the HOMO a, level, which has electron density
which the macrocycles are held parallel and offset from one @t the porphyrin nitrogen atoms, is destabilized by the added
another®38 Metalation enhances the magnitude of this interac- charge from ligand coordination. (The,anolecular orbital has

tion by placing a large positive charge in the porphyrin cavity, nodes_at these_ atoms a_md is much less pertur_bed.) This correlates
which interacts with ther electrons of the porphyrins above Well with solution studies on metalloporphyrins by Nappa and

and below the macrocycle plafe38 For our systems, however, (30) Sanders, 6. M —— pT— o s H
H H H i H H H H anders, G. Vl.; van DIK, M.; van Ve ulizen, A.; van aer Flas, H.
this type of intermolecular interaction is highly unlikely. First, C.J. Chem. Soc.. Chemn. Commu§86 13111313,

X-ray diffraction experiments on polymer films show no (41) Colominas, C.; Eixarch, L.; Fors, P.; Lang, K.; Nonell, S.; Teixido

Many porphyrin systems experience-x interactions in

evidence of any order, as has been observed-&iacking liquid J.; Trull, F. R.J. Chem. Soc., Perkin Trans.1896 997—1004.
crystalline system® Furthermore, the strength af-x interac- (42) S) 73066[’1_97'0{% V(\g) RSC hié?jttn\fvh lQ/I_- gge};aéan;blrorgh é?mhigégl??
tions is reduced by coordination of the metal by a ligadhd8 10-714. SR & FR0M9. '

a factor whose importance will be explained below. Thus, the (43) wiliamson, M. M.; Hill, C. L. Inorg. Chem 1987, 26, 4155-4160.

unusual XPS results cannot be attributed to porphyrin  (44) Berezin, B. D.Coordination Compounds of Porphyrins and Phtha-
orphvrin interactions locyanines John Wiley & Sons: New York, 1981.

porphy : _ (45) (a) Little, R. G.; Ibers, J. AJ. Am. Chem. Sod 973 95, 8583
The dependence on OPV length suggests that the bridge unit ~ 8590. (b) Kadish, K. M.; Chang, Dnorg. Chem.1982 21, 3614~

specifically interacts with the porphyrin. Similar-s interac- 3618. (c) Coliman, J. P.; Brothers, P. J.; McElwee-White, L.; Rose,

E.; Wright, L. J.J. Am. Chem. Sod.985 107, 4570-4571.
(46) Nappa, M.; Valentine, J. . Am. Chem. Sod978 100, 5075~

(36) Hunter, C. A,; Sanders, J. K. M. Am. Chem. So499Q 112, 5525~ 5080.
5534. (47) (a) Kirksey, C. H.; Hambright, P.; Storm, C. Biorg. Chem.1969
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Sanders, J. K. MJ. Chem. Soc., Perkin Trans.1B89 547-552. A. Inorg. Chem.1981, 20, 1274-1277.
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Scheme 1. Representation of the Two Types of tions, two peaks remained in the N 1s XPS region (e.g., 20%
Intermolecular Interactions Identified by XPS for Porphyrin  mixture shown in Figure 6). This result is specific to the-Zn
Polymers ZnPPVn. (a) Porphyrin and Coordinated Solvent  porphyrin polymers only, as ZnTPP in PMMA and OPV
(b) Porphyrin and OPV Bridge on nearby Polymer Chain matrixes reveals a single peak at 398.2 eV.

O The contribution of the conjugated OPV bridge is clear.
o) However, OPV does not participate inra-s interaction with

a) i the porphyrin. Interacting systems do not typically distort each

A other's molecular orbital® whereas the appearance of two N
1s signals from nondried neat ZnPPV5 (Figure 4) clearly results
— from such a perturbation, relative to the dried four-coordinate
porphyrin. The presence of a metal atom typically encourages

—_ ® —[-©—\+n m—m interactions, but they are also inhibited by ligand

coordination?®-38 Although the data indicates a coordination
effect, it is not expected to occur at every metal site in ZnPPV5.

OPV units could thus interact with ligand-free Zporphyrins
on nearby polymer chains. As described above, the binding
energy of 397.8 eV indicates a gain of electron density due to
solvent ligation. The N 1s signal at 400.1 eV indicates a
simultaneous loss of electron density from the porphyrin
nitrogen atoms in the nondried film.

Unexpectedly, the N 1s peak that remains following extensive
drying of the neat film shifts to a lower energy rather than
staying at 400.1 eV. In the solid-state, numerous conformations
are available to the polymer which could result in multiple
intermolecular interactions. Although further investigation is
required, a range of N 1s binding energies is possible, all of
which may not be apparent from the relatively broad XPS
signals (see Figures 4 and 5). In this case, the most prevalent
this does not significantly distort the entire macrocy@h8 conformation after thorough drying corresponds to the observed

Furthermore, our porphyrins are not highly substituted, avoiding binding energy of 398.3 ?V' ) )

steric strain that can induce nonplanafitjowever, as reported In the absence ofi—x interactions, another type of inter-
by Williamson and Hill, the presence of nearby arenes (e.g., polymgr |r!teract|on m.ust be invoked to explam the increase in
the OPV bridge of ZnPPV5) could have a steric effect on the N 1S binding energy in ZnPPV5. The aromatic system of the
porphyrin ring®® The possible contribution of macrocycle phenyle_ne_vmylene bridge is likely oriented parallel to the
distortion to the XPS results on neat films, although small, POrphyrin ring, based on previous studi@sience, the proper
should not be excluded. geometry exists for overlap of the metal d orbitals in the

Inhibition of Intermolecular Interactions. The XPS results ~ Macrocycle plane with both the porphyrig, anolecular orbital
appear to depend on the length of the OPV unit (Tables 1 and and the OPVx* orb|tals._ This interaction would allow the
2), suggesting a possible interaction between porphyrin and transfer of electron density from t_he nitrogen atoms, through
bridge segments on nearby chains. As described above, solidhe metal center, to the unoccupied orbitals of the OPV
state mixtures of the porphyrin polymer in conjugated and SyStem. The N 1s binding energy would ultimately increase,
nonconjugated polymer matrixes were prepared as thin films résulting in the appearance of the 400.1 eV peak seen in Figure
for XPS analysis. To avoid intermolecular solvent interactions, 4- This interaction would similarly apply to neat films of all
dichloromethane, a noncoordinating solvent, was used to preparéh® Zn—porphyrin polymers (see Table 2). Scheme 1b depicts
solutions for this study and should thus exert no influence on the intermolecular interaction between the porphyrin and
the XPS data. conjugated bridge unit, as identified by this XPS study.

At 20 and 50% (w/w) ZnPPV5 in polymethyl methacrylate, ~ Free-base porphyrin polymers cannot take part in this type
the N 1s spectra collapse to a single peak (Figure 5). The sameof d—x* interaction. However, some favorable orbital overlap
is true of a 20% mixture in polystyrene. This solid state dilution Of porphyrin and OP\fr systems may be possible, because those
prevents interaction between porphyrin polymer chains. There- factors which preventr—s interactions are not present (i.e.,
fore, it can be inferred that an interpolymer interaction in neat metak-solvent coordination). Emission spectroscopy on free-
films of ZnPPVS5 is partially responsible for the unusual XPS base porphyrin polymers also indicates interpolymeric interac-
data. Previously published fluorescence data, in which emissiontions in neat films* Though further study is necessary, it is
from the OPV bridge units is quenched in neat polymer films, conceivable that—z interactions could be partly responsible
similarly demonstrates an intermolecular interaction among for the minor deviations in N 1s peak positions and separation,
polymer chains. Dilution in a nonconjugated polymer matrix relative to free-base monomers, as presented in Table 1.
results in a return of the thin film emission by inhibiting such Self-Assembled Multilayer Architectures. In a previous
interactiong! study, we reported the self-assembly of porphyrin oligomer

To further establish that the conjugated OPV linker plays a multilayers, which were well ordered in two dimensidh©ur
role in interpolymer interactions, ZnPPV5 was incorporated into initial XPS data exhibited a broad N 1s XPS signal. This was
a matrix of three-unit OPV at 20 and 50% (w/w). This not only deconvoluted into several peaks, with two of them attributed
inhibited interpolymer interactions, but also forced the polymer to the porphyrin nitrogen atoms. The study herein supports our
chains to interact with the conjugated units believed to be initial hypothesis, which stated that the two N 1s peaks resulted
responsible for the results in the neat films. At both concentra- from multiple chemical environments caused by intermolecular

Valentine, in which axial ligation results in red-shifted absor-
bance spectr® The destabilized  level is clearly reflected
by the decrease in N 1s binding energy from 398.3 to 397.8
eV. The higher energy peak at 400.1 eV does not correlate with
Zn—porphyrin monomer XPS energies. This signal must then
be the consequence of another type of intermolecular interaction.
Highly substituted and distorted porphyrin monomers also
exhibit significant red shifts in absorbance due to destabilized
HOMO levels’™1° As such, the lower energy N 1s XPS peak
might be partially attributed to a deviation from planarity. This
seems unlikely, as four-coordinate ZnTPP is a virtually planar
molecule??247b and X-ray structures indicate that although
ligation pulls the zinc atom out of the porphyrin plaf3g?6:47a.b.48
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interactions between porphyrins and conjugated bridges of coordinate ZnPPV5. The N 1s binding energy is increased by
nearby oligomer chains. In addition, we can now identify the interpolymer interactions between Zporphyrins and conju-
contribution of coordinated solvent molecules as a further causegated OPV segments on nearby chains. Charge is drawn from
of structural defects. Referring to our proposed structure (Figure the nitrogen atoms, through the metal d orbitals, into the
2), these defects could have been minimized if there was aunoccupied OP\t* orbitals. The combination of these interac-
means of controlling the oligomer orientation within each layer tions is ultimately responsible for the unusual XPS results
and if each porphyrin coordinated two bipyridyl ligands. observed. Similar porphyrin polymers and multilayer arrays are
However, zine-porphyrins typically coordinate a single susceptible to the same kinds of interactions and defects.
ligand#6-48 New systems will, therefore, concentrate on met- Therefore, XPS is extremely useful in the characterization of
alloporphyrins capable of six-coordinate complexation and these types of solid-state materials.

polymers that can better organize in the third dimension. )
Acknowledgment. This research was supported by grants

Conclusion from the National Institute of Health (No. 1IR15ES10106-01),
the Integrated Electronics and Engineering Center (IEEC), and
the Research Foundation at the State University of New York
at Binghamton. The IEEC receives funding from the New York
State Science and Technology Foundation, the National Science
Foundation, and a consortium of industrial members. D.M.S.
would like to thank SUNY Binghamton for providing a
Dissertation Year Fellowship. Dr. Biwang Jiang of Rohm and
Haas is thanked for providing the porphyrin polymers. Mr. Frank

interactions. Trapped coordinated solvent molecules increasecease is thanked for preparing the oligo(phenylene vinylene)

the electron density at the nitrogen atoms. The N 1s binding dialdehyde.
energy is lowered, relative to the extensively dried four- 1C010315V

Data from the N 1s XPS region are useful and sensitive probes
of the inter- and intramolecular interactions in porphyrin
polymers. Metalloporphyrin monomers and dimers typically
show a single N 1s peaR:3-69.10.13The Zn—porphyrin polymers
studied in this report are unprecedented in that they display two
N 1s peaks. This result suggests the presence of multiple
chemical environments at the porphyrin nitrogen atoms. We
conclude that they arise from two types of intermolecular



