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Summary 

Absorption and emission properties of Ph,P, MePhzP and 
Ph2P(CHz),PPhz (from n = 1 to n = 6) (Ph = phenyl; Me = methyl) are 
reported. The maximum absorption band at 250 - 260 nm has been assigned 
to a 7~ + r* transition centered on the benzene ring. The lowest energy 
excited electronic state of the aryl phosphines has been assigned to an 1 --t a, 
transition associated with an obscured absorption band at about 300 nm. 
The lowest excited singlet and triplet state energies are calculated to be 79 - 
82 kcal mol-l and 7.5 - 77 kcal mol-l respectively. 

1. Introduction 

The interpretation of the absorption spectra of the aromatic phosphines 
such as Ph,P (Ph = phenyl) has centered around the possibility of conju- 
gation between the non-bonding electrons of the phosphorus atom and the 
adjacent phenyl ?r system. The attachment of phosphorus to the benzene 
ring leads to a large increase in the absorption intensity in the region of 250 - 
260 nm, which has been stated to exceed the usual increase in intensity asso- 
ciated with the perturbation of the symmetry of the benzene ring [l - 41. 
The various interpretations of the electronic transitions of the aromatic 
phosphines have associated the 250 - 260 nm absorption region to an elec- 
tron excitation from the non-bonding electrons of the phosphorus into the 
antibonding phenyl 71 system [ 1 - 71. Despite the extensive absorption and 
emission data that have been reported to date 11 - 151, the nature of the 
observed electronic transitions is still not clear. One of the problems is that 
the experimental observations reported are not consistent. For example, 
totally different emission spectra are reported for Ph,P [ 8 - 121. 

The inconsistency in the interpretation of the electronic states of the 
aromatic phosphines has been projected into the interpretation of the 
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photoexcited state properties of the aryl phosphine copper(I) complexes 
[9, 13 - 151. The results of our study on the ability of aryl phosphine 
copper(I) complexes to photosensitize the isomerization of norbornadiene to 
quadricyclane [16] suggested that a more detailed investigation of the 
photophysical properties of the aryl phosphines and the copper(l) complexes 
was needed. The investigation of the aryl phosphines reported here has led 
to a consistent and reasonable interpretation of the electronic transitions. 

2. Experimental details 

2.1. Materials 
The aryl phosphines Ph,P, MePhzP (Me E methyl) and Ph2P(CH&PPh2 

(from n = 1 to n = 6) as well as Ph,P=O and MePh2P=0 were purchased 
commercially and used without further purification. Commercial spectro- 
scopic benzene and cyclohexane were used. Ether-isopentane-alcohol 
(EPA), used as the solvent to form a rigid glass at 77 K, consists of an ethyl 
ether, isopentane and ethyl alcohol mixture in the volume ratio of 5:5:2 
respectively. It was a commercial preparation specially purified to form a 
rigid glass at liquid nitrogen temperature (77 K) and to produce no 
appreciable phosphorescence. 

2.2. A bsorp tion spectra 
UV absorption spectra were recorded on a Beckman Acta V UV-visible 

spectrometer. The phosphines were weighed in nitrogen-filled volumetric 
flasks and the appropriate solvent was added. The solutions were used 
immediately. 

2.3. Emission spectra and life time measurements 
A spectrophosphorimeter was designed and built from instrument com- 

ponents. The excitation lamp was a 300 W xenon arc lamp housed in an 
Oriel model C-60-53 lamp housing unit equipped with a focusing lens. The 
excitation monochromator equipped with variable slits was a Bausch and 
Lomb model 33-86-01 having a UV grating with a range of 200 - 400 nm. 
The rotating shutter was an Aminco-Keirs phosphoroscope accessory for 
the Aminco-Bowman spectrophotofluorometer. A quartz Dewar used to 
hold the sample had an unsilvered narrow square tip which permits passage 
of excitation and emission light. A 4 mm X 4 mm quartz sample tube was 
suspended in the Dewar by means of a finger clamp attached to the top of 
the Dewar. The analyzing monochromator was a Spex 1870 with a 0.5 m 
Czerny-Turner mounting using a Bausch and Lomb grating of 12 000 
grooves per millimeter. The Spex 1870 has variable entrance and exit slits. 
The wavelength drive was accomplished using a Bodine motor with a 
variable-speed controller and brake. The monochromator was scanned at 
constant speeds between 25 and 50 nm min-l during the recording of a 
fluorescence or phosphorescence spectrum. The photomultiplier tube, a 
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Hamamatsu R106 having a spectral response range from 160 to 650 nm, was 
mounted in a special Spex housing unit that attached to the exit slit of the 
Spex 1870 monochromator. The spectra reported are uncorrected for varia- 
tions in the source and for photomultiplier response. The photomultiplier 
output was amplified by a Spex DPC-2 digital photometer that also contains 
a built-in high voltage photomultiplier power supply. Mercury emission lines 
(404.6, 435.8 and 546.1 nm) were used to check the accuracy of the 
analyzing monochromator and the scanning arrangement. The emission lines 
never varied more than 1 nm from the accepted values through several scans. 
The emission spectra of samples were recorded with and without the phos- 
phoroscope so that both fluorescence and phosphorescence could be identi- 
fied. In order to record phosphorescence spectra, the phosphoroscope speed 
was set high enough that no loss of intensity was observed during a complete 
emission cycle of the phosphoroscope. For phosphorescence lifetimes, a 
Tektronix 564 storage oscilloscope with a type 2B67 time base was 
connected directly to the photomultiplier output. The phosphoroscope 
speed was gradually slowed until a baseline decay could be observed during 
the emission cycle of the phosphoroscope. The exponential decay of the 
emission was then stored on the oscilloscope and a picture was taken with a 
Polaroid camera. Phosphorescence decay times Tph greater than about 1 ms 
could be measured effectively with the use of the phosphoroscope. The 
emission spectra and phosphorescence lifetimes of benzophenone and 
diphenylamine were recorded as described. The agreement with the spectra 
and phosphorescence lifetimes reported in the literature was within 2% 
[17 - 201. The loss of intensity with the use of the phosphoroscope was 
calibrated by observing the phosphorescence of benzophenone with and 
without the phosphoroscope. The strongly overlapping fluorescent emission 
of the aryl phosphines was calculated by subtraction of the adjusted phos- 
phorescent emission observed with the phosphoroscope from the total 
emission spectra observed without the phosphoroscope. No difference in the 
shape of the emission spectra was observed for a few samples in which 
oxygen was removed by freeze-thaw techniques. 

The emission of the aryl phosphines in benzene at room temperature 
was extremely weak and the light scatter from the solvent had to be sub- 
tracted to obtain an accurate spectrum. A much better analysis was done by 
a modification of the spectrometer to allow direct input of the data into a 
computer. A Princeton Applied Research lock-in-amplifier model JB-5 was 
used in conjunction with a PAR model 125 variable-speed chopper. The 
output of the lock-in amplifier was compatible with an analog-to-digital 
(A/D) converter interface of the Apple II graphics computer. Standard 10 
mm fluorescence cuvettes with a long narrow neck which could be sealed 
with a serum rubber stopper were used to contain the sample. The A/D 
converter had a built-in timer so the input to the computer could be taken at 
desired time intervals. The data from a scan were stored on a disk as wave- 
length-dependent light intensities. The background spectrum of benzene 
taken under the same conditions was also stored on a disk. The background 
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spectrum was then subtracted from the sample spectrum to obtain the 
corrected spectrum. The corrected spectrum was numerically integrated 
summing small rectangular areas taken over the spectrum. The integrated 
areas of the fluorescent emission of the aryl phosphines were divided by the 
integrated fluorescent emission area of MePh,P to obtain the relative 
quantum yields reported. Only minor corrections were made to account for 
differences in absorbance since all solutions were made to show the same 
absorbance readings at the excitation wavelength of 313 nm. The concentra- 
tions of the aryl phosphines were about 1 x 1O-3 M. Oxygen was removed by 
bubbling with helium. The cell was flushed with helium which had passed 
over hot copper turnings (650 - 700 “C) and had then been bubbled through 
benzene to form a saturated atmosphere to avoid solvent loss during 
bubbling. 

The fluorescence lifetimes reported were estimated by the effect of 
oxygen quenching on the fluorescent emission. The fluorescent emission and 
integrated areas were recorded for the respective aryl phosphine with three 
different oxygen concentrations present in the benzene solutions. The 
oxygen concentrations were referenced to a solution which was saturated 
with oxygen by oxygen bubbling. Molecular oxygen is reported to have a 
concentration of 9.1 X 10~-3 M in benzene at 1 atm [lS]. The three oxygen 
concentrations used in the fluorescence lifetime estimates were (1) saturated 
solution (100% of 9.1 X 10m3 M), (2) solutions which were equilibrated with 
room air (21% of 9.1 X low3 M) and (3) helium-flushed solutions (considered 
to have no oxygen present). In general, quenching of singlet states by molec- 
ular oxygen occurs at a rate of (1 - 3) X 10” M-’ s-l in benzene [18, 191. 
Using the quenching rate of oxygen as 3 x 1O’O M-l s-l and the measure- 
ments of the emission intensity of three aryl phosphine solutions at the 
different oxygen concentrations, the natural fluorescence lifetime rf can be 
calculated by the Stern-Volmer relationship, I/IO2 = 1 + /Zq7f[02]. 1 and IO, 
are the intensity of the non-quenched and quenched emissions. A linear plot 
of I/lo, uersus [O,] gives a slope equal to kgrf. The oxygen concentration 
was plotted as the percentage of the saturated concentration. Figure 1 shows 
a plot of I/lo, uersus percentage of saturated oxygen concentration for 
MePhzP and Ph1PCHgPPh2. The fluorescence lifetimes estimated by this 
method were doubled for the diphosphines to compensate for the quenching 
of two chromophores in one molecule. The fluorescence lifetime of 
diphenylamine determined by this method was calculated to be 3.5 ns 
compared with the recently reported value of 3.2 ns determined by time- 
correlated single-photon counting using an Ortec 9200 nanosecond fluores- 
cence spectrometer [ 201. 

2.4. Excitation spectra 
A Varian SF-330 spectrofluorometer was used to record the detailed 

excitation spectra of the fluorescent emissions at room temperature. The 
excitation spectra were checked at 77 K using the instrumentation described. 
The excitation monochromator was manually changed by 5 nm increments 
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and the emission reading from the maximum emission wavelength of the 
sample was recorded. The excitation characteristics at 77 K taken with the 
described instrumentation appeared to be the same as the room temperature 
spectrum recorded on the Varian SF-330 spectrofluorometer. The excitation 
spectrum from the SF-330 spectrofluorometer is autocorrected for source 
and monochromator wavelength dependence. The concentrations of the 
samples were varied from about 10e3 to about 5 X 10m6 M and the aryl phos- 
phines only showed emission at the higher concentrations. The emission 
spectra of the aryl phosphines were all recorded with excitation at 313 nm. 
The emission spectra of the phosphine oxides were taken with excitation at 
265 nm. 
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Fig. 1. Stern-Volmer oxygen quenching analysis, I/14 = ksrf[02]: 0, MePhzP; n , 
PhzPCHzPPh2_ The values used to calculate rf were k, = 3 X lOlo M-l 6-l and [02] 
(saturated) = 9.1 x 10e3 M [ 18, 191. I and IO, are the intensities of the non-quenched and 
oxygen-quenched emissions respectively_ 

Fig. 2. Comparison of absorption spectra of benzene, Ph3P=0, PhsP, MePhzP and PhSP in 
cyclohexane [l, 3, 211. 

3. Results 

The UV absorption spectra of Ph,P and MePh,P taken in cyclohexane 
me shown in Fig. 2. The structure of the absorption spectra of the diphos- 
phine series, Ph,P(CH2),PPh2 (from n = 1 to n = 6), is essentially identical 
with the absorption spectrum of MePh2P. The diphosphines show extinction 
coefficients e at the maximum absorption peak (251 nm) of almost exactly 
twice that of MePh,P, i.e. for MePh2P c = 9.0 X lo3 M-l cm-‘, for 
Ph2PCH2PPh2 c = 18.2 X lo3 M-l cm-l and for Ph,P(CH&PPh2 E = 18.5 X 
IO3 M-’ cm-‘. However, the extinction coefficients of the diphosphines vary 
considerably at the longer wavelengths (greater than 290 nm). The extinc- 
tion coefficients of the phosphines measured in benzene at 313 nm are 
shown in Table 1. 
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TABLE 1 

Absorption and emission properties of diphosphines Ph2P(CH2),PPh2 (from n = 1 to 
n = 6) compared with Ph,P and MePh2P 

Compound Absorption Relative Fluorescence Phosphorescence 

E(313) a fluorescence TfC TP 
d 

(M-l cm-‘) +b (ns) (ms) 

Ph3P 450 

MePhzP 65 

PhZPCH2PPh2 151 

Ph*P( CH&PPh? 242 

Ph2P(CH&PPh, 161 

Ph,P( CH&PPhz 171 

Ph2P(CH2)sPPh, 175 

Ph2P(CH2)sPPhl 170 

(2.0)e 2.0 17 

(1 .O) (reference) 2.5 40 

(0.17) 0.7 29 

(0.60)e 1.2 38 

(0.38) 1.0 43 

(0.68) 1.8 42 

(0.74) 2.0 45 

(0.78) 2.0 46 

aExtinction coefficient at 313 nm measured in benzene. 
bRelative quantum yields at 298 K in comparison with MePhzP. 
CMuorescence natural lifetime determined by oxygen quenching at 298 K. The value for 
diphosphines was doubled to account for the statistical quenching of the two chromo- 
phores. 
dPhosphorescence natural lifetime determined in EPA glass at 77 K. 
eQuantum yields of Ph3P and Ph2P(CH2)2PPh, reported as 3.3 x 10d3 and 8.6 x 10h4 
respectively in ref. 14. 

Table 1 also summarizes some of the emission properties of the aryl 
phosphines studied. The excitation and emission spectra of Ph,P at 77 K are 
shown in Fig. 3. The excitation and emission spectra of MePh2P and the 
diphosphine series at 77 K are essentially the same as that of Ph3P. Emission 
from the aryl phosphines is also observed at room temperature. The emission 
at room temperature is categorized as fluorescence since the lifetime in the 
nanosecond range (Table I), determined by oxygen quenching, is too short 
for phosphorescence. The emission at room temperature in benzene is 
shifted by 5 - 10 nm to longer wavelengths than the fluorescence spectrum 
at 77 K, but it has an identical shape (Fig. 3). The uniformity of the oxygen 
quenching over the entire emission band at room temperature indicates that 
the emission is coming from only one excited state. Thus the entire emission 
spectrum is fluorescence, phosphorescence not being observed at room tem- 
perature. Only minor differences are observed in the fluorescence spectra of 
PhsP and MePh,P. The fluorescent emission spectra at room temperature of 
the diphosphines are identical with that of MePh,P. However, the quantum 
yields of emission and lifetimes of the diphosphines do differ (Table 1). 

The excitation spectrum shown in Fig. 3, which is representative of all 
the aryl phosphines studied, is an approximation, The excitation spectrum 
was very difficult to measure since the emission is very weak and was only 
observed for fairly concentrated solutions (about 10v4 M or more) excited 
at longer wavelengths than where maximum absorption is shown in the UV 
(250 - 260 nm). When a phosphine solution was made to show less than 
approximately 0.10 absorbance (about lo-’ M) at 250 nm no emission over 
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Fig_ 3. Excitation and emission spectra of PhsP in EPA at 77 K and in benzene at 298 K 
(T, total emission spectrum; P, phosphorescence spectrum with TO = 17 ms; F, fluores- 
cence spectrum). Only fluorescence is observed in benzene at 298 K. The relative intensi- 
ties of the 298 and 77 K fluorescence emissions are normalized to approximately the 
same relative intensity for comparison only. The absorption spectrum is indicated for 
comparison with the excitation spectrum. 

Fig. 4. Excitation (- - -) and emission (- ) spectra of Ph,P=O in EPA at 77 K. The 
excitation spectrum was taken by monitoring the fluorescence at 290 nm. The emission 
spectrum was taken with excitation at 265 nm. 

background was observed. Many times an impurity emission was observed 
when the more dilute solutions were excited at 250 - 260 nm. The impurity 
emission was identified as the emission spectrum of the phosphine oxide. 
The detailed excitation and emission spectra as well as the phosphorescence 
lifetimes of Ph,P=O and MePh,P=O were recorded in order to identify the 
impurity emission observed from the phosphines positively. The data for 
Ph,P=O are shown in Fig. 4. The MePh,P=O data are very similar to those 
for Ph,P=O. The phosphorescent lifetime of MePh,P=O is 1.4 s. The emis- 
sion spectrum of Ph,P=O has been reported in the literature [lo] but only 
in a vague tabular form. 

4. Discussion 

In comparing the emission spectrum of Ph,P=O (Fig. 4) with the 
previous spectra reported in the literature for Ph,P [8 - 121, it becomes 
obvious that the conflicting emission spectra reported for PhsP have been 
caused by contamination of the phosphine with the phosphine oxide. In 
fact, the spectrum reported in 1970 [8] as PhsP is actually the emission 
spectrum of Ph,P=O. Confusing the matter further is the fact that the 
spectrum was labeled with the lifetime of Ph,P as measured by McClure 
[12]. The mistake of identifying the Ph,P=O spectrum as Ph,P could 
easily have been made since no lifetime measurements were taken and PhsP 
does not emit strongly when excited at 260 nm where its maximum 
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absorption occurs. Ph,P=O gives a rather strong emission with excitation at 
260 nm compared with Ph,P. The erroneous spectrum reported for Ph,P [8] 
is still often quoted [ 221 since it is the only detailed spectrum of PhsP 
appearing in literature published in English. Using the intersection of the 
excitation and emission spectra shown in Fig. 3, the lowest excited singlet 
energy E, is approximately 79 - 82 kcal mol-l. The lowest triplet energy ET 
is only slightly less at 75 - 7 7 kcal mol - ‘. 

The excitation spectra of Ph,P=O and MePh,P=O show the usually 
observed identical relationship with the absorption spectra. The anomaly of 
the excitation spectra of the aryl phosphines (Fig. 3) in comparison with the 
absorption spectra (Fig. 2) indicates that a lower energy excited state exists 
than ‘chat associated with the maximum absorption at 250 - 260 nm. The 
maximum emission appears to occur with excitation between 290 and 310 
nm. Therefore, there must be a less intense absorption band with a maxi- 
mum at about 300 nm hidden under the broad rather intense band shown in 
the absorption spectra (Fig. 2). Higher order excited states associated wit,h 
the absorption bands at shorter wavelengths apparently do not favorably 
decay to the lowest excited states. 

The emission spectra of the aryl phosphines are also somewhat 
anomalous in that there is little distinction or separation between fluores- 
cence and phosphorescence. The first excited singlet S1 and triplet Tr states 
must be very close in energy to account for the large overlap of the phospho- 
rescent and fluorescent emissions. The very small singlet-triplet splitting 
observed for the aryl phosphines suggests that the orbitals involved in the 
electronic transition occupy different regions of space. Thus, the singlet- 
triplet splitting of the aryl phosphines indicates that the lowest excited state 
is an n,x* state and that the non-bonding electrons of the phosphorus have 
essentially no interaction with the phenyl x system in the ground state. 
There appears to be a slight difference in the shape of the two emissions yet 
the maxima occur at approximately the same wavelengths. A possible 
explanation for this apparent anomaly is that a considerable portion of the 
phosphorescence spectra could be due to a delayed fluorescence. Delayed 
fluorescence can arise if the singlet-triplet energy difference is small and a 
thermally induced equilibrium between the states is established. The delayed 
fluorescence (S, + hv + S, + T, + S1 + So + hv’), which would be kinetically 
controlled, would have a much longer lifetime than the normal fluorescence. 
The lifetime of the singlet is much shorter than the lifetime of the triplet, 
and therefore the lifetime of the delayed fluorescence would be nearly equal 
to the lifetime of the triplet state. 

The shape of the emission spectra of the aryl phosphines indicates a 
substantial difference in geometry between the ground state and the excited 
state. The difference in energy between the two definite vibrational peaks 
that are observed in the fluorescence spectra (Fig. 3) corresponds to 1440 
cm- ‘. Such a vibrational pattern would be expected for emission from an 
excited state if the transition involves the P-Ph group. Aromatic phosphorus 
compounds show a strong very sharp IR peak near 1440 cm-’ in compounds 



257 

in which a phosphorus atom is attached directly to the benzene ring 1231. 
The type of emission described is very similar to that of carbonyl com- 
pounds where the n -+ I* electronic transition is the emitting excited state. 
The phosphorescence of acetophenone and benzophenone shows a vibra- 
tional pattern that is characteristic of the C=O vibrational stretch in S,, [ 241. 
However, the electronic transition n + A* is considered to be a forbidden 
transition since the lone electron pair orbital of the oxygen is orthogonal to 
the I system. The observed transition probability is believed to be due to the 
mixing of the nuclear vibrational motion with the electronic structure of the 
molecule (vibronic states). For carbonyl compounds the out-of-plane vibra- 
tion of the C=O bond is thought to provide a mechanism for the n + n* 
electronic transition. Since the electronic transition is localized on the C=O 
group, excess vibrational energy is left on the carbon and oxygen atoms. It 
appears that vibronic coupling is also responsible for the electronic transition 
in the aryl phosphines. The lone electron pair of phosphorus in Ph3P would 
have considerable s character since the pyramidal valence angle is 103” [25]. 
The largest valence angle observed for aryl phosphines is only 109.5” [26], 
indicating an sp3 hybridization of the lone electron pair orbital of the phos- 
phorus. This would place the lone electron pair orbital orthogonal to the 
phenyl r system, and thus the transition would be forbidden. However, in 
the extreme case of an in-plane vibration causing an sp3 (pyramidal) + p 
(planar) rehybridization of the lone electron pair orbital, the electronic tran- 
sition would become allowed. Thus the vibronic coupling of aryl phosphines 
could be postulated to be very similar to that of carbonyl compounds and 
the emission spectra would be expected to show vibrational structure of the 
P-Ph stretching mode of Se 127 1. Rather than the n + x*. classification given 
to the carbonyl compounds, the l+ a,, terminology used by Kasha and 
Rawls 1281 for aromatic amines appears to be more appropriate. The lone 
pair orbitals 1 have the possibility of bonding relative to the 7r electron 
system of the molecule, depending on the bonding angle and twist angle of 
the phenyl group relative to the phosphorus atom. The 1 orbital corresponds 
to a non-planar or twisted lone pair orbital and the orbital to which the 
electron is promoted is an antibonding orbital a, of 7~ origin. In the limiting 
cases the I+ a, transition could have characteristics of the n --t 8* transition 
(orthogonal orbitals) or the K+K* transition (planar molecule with com- 
plete p-lr conjugation). 

With the research reported in the literature to date, it is apparent that 
the electronic transition assignments made for the aryl phosphines are con- 
tradictory. No assignment is in agreement with the expected characteristics 
of either limit of assignment of the 1 + a,, transition, the n + ?r* or the x + 
T* transition. For example, an n + q* transition has a typical extinction 
coefficient of 10 - 500 M-l cm-’ while the ?r + X* transition has an extinc- 
tion coefficient for allowed transitions of lo4 - lo5 M-l cm-’ [19, 24,281. 
The 260 nm region of the PhsP spectrum (Fig. 2) has an extinction coeffi- 
cient of about lo4 M-r cm- I_ The high extinction coefficient favors the 7f * 
IT* assignment; however, we know from other research that there is very little 
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effective lone electron pair conjugation with the phenyl system in the 
ground state [ 211. However, if the n + 7~” assignment is correct, why is the 
extinction coefficient reflective of a highly allowed transition? 

On the basis of the results of this study, there is sufficient evidence to 
suggest more reasonable assignments of the electronic transitions of the aryl 
phosphines than have been previously suggested in the literature. The absorp- 
tion at 220 nm and the broad intense absorption band at about 260 nm are 
assigned to w + Q? localized benzene transitions while a lower energy I+ a, 
transition of n + IT* character is associated with a low intensity absorption 
band centered around 290 - 310 nm, which is obscured by the more intense 
T + K* transition absorption band centered at about 260 nm (Fig. 5). The 
large increase in the intensity and loss of vibrational structure of the P + rr* 
transition at 260 nm of the phenyl system in comparison with benzene are 
attributed to the breakdown in symmetry of the benzene ring by substitu- 
tion of the phosphorus atom on the phenyl ring as well as to an inductive 
effect. The absorption spectra of many monosubstituted benzene systems 
show shifts of the benzene absorption to longer wavelengths with an increase 
in band intensities and a reduction in the amount of vibrational structure 
[23]. A specific example that applies to the Ph,P system is the recently 
reported absorption spectrum of Ph,P [29 1. PhsP has no lone electron pairs 
on the phosphorus and would probably be expected to show the same type 
of absorption spectrum as Ph3P=0. However, the absorption spectrum of 
PhsP is more like that of Ph,P. A comparison of the absorption spectra of 
benzene, Ph,P=O, Ph,P and Ph,P is shown in Fig. 2. It appears that the 
increase in intensity of the n--f 7r* transitions in the phenyl groups at about 
210 nm and about 260 nm is due to perturbation of the benzene ring 
through symmetry and inductive effects rather than conjugation of the lone 
electron pair in PhsP. Some of the evidence for the assignment of an I + a, 
transition of essentially n + ?r* character has been discussed. A small singlet- 
triplet splitting is consistent with an n --f 7~* transition. The vibrational struc- 
ture of the emission spectra is consistent for emission from an n --f IT* excited 
state transition in which the electronic transition leaves vibrational energy 
which is dissipated in a P-Ph vibration. The phosphorescence lifetimes are 
also of the nature of an n + m* transition. The phosphorescence lifetime of 
PhsP is 17 ms while those of benzene and PhsP=O are 4.1 s and 1.7 s respec- 
tively [ 11,181. The excitation spectra indicate a hidden absorption band 
centered around 290 - 310 nm which is assigned to the I+ a, transition. A 
much lower extinction coefficient (100 - 200 M-l cm-‘) which would be 
associated with the absorption band is consistent with an n + Z* transition. 

The l+a, (n + fl* character) electronic transition assignment is further 
substantiated by the results of the absorption and emission study of the 
diphosphine series Ph,P(CH,),PPh, (from n = 1 to n = 6) (Table 1). The 
structure of the absorption spectra measured in cyclohexane of the diphos- 
phine series is essentially identical with that of MePh,P. The diphosphines 
show extinction coefficients at the maximum absorption peak (251 nm) of 
exactly twice that of MePh,P. This result is what would be expected of two 
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Fig. 5. Illustration of the electronic transition assignments of PhsP. This illustration 
depicts the electronic transitions of the aryl phosphines showing the obscured 1 + a,, 
transition. 

Fig. 6. Comparison of 31P shifts (0) and extinction coefficients E (0) at 313 nm of the 
diphosphine series Ph2(CH2),PPh2 (from R = 1 to n = 6). The abscissa represents the 
number of -CH1-groups. The 31P chemical shifts were taken from ref. 29. 

independent chromophores in one molecule. However, the extinction coeffi- 
cients of the diphosphine are not twice the extinction coefficient of MePh,P 
at the longer wavelengths (greater than 290 nm). The extinction coefficients 
of the diphosphines shown in Table 1 at 313 nm vary considerably. It is 
striking that Ph,P(CH&PPh, appears to deviate from any trend that might 
be present. This same deviation is observed in 31P chemical shifts. In fact, the 
extinction coefficients at 313 nm of the diphosphines follow the same 
pattern as their 31P chemical shifts [30]. Figure 6 shows the 31P chemical 
shifts on the left-hand ordinate and the extinction coefficients on the right- 
hand ordinate with the abscissa representing the number of -CH,- groups 
separating the phosphorus atoms. No adequate explanation has been given 
for the observed “P chemical shifts [30] and this study offers no new 
theories as to the exact nature of the observed pattern in the 31P chemical 
shifts and extinction coefficients at 313 nm. However, it is known that 31P 
chemical shifts are sensitive to minor changes in geometric structure and 
spatial orientation of the lone electron pair orbital. The extinction coeffi- 
cient at 313 nm is probably reflective of the hidden absorption band 
assigned to an 1+ a, transition (n + 7r* character). If this is the case, the 
extinction coefficient at 313 nm would also be very sensitive to minor 
changes in geometric structure and spatial orientation of the lone electron 
pair orbital. The constancy and additivity of the extinction coefficient at 
250 nm (twice that of MePh,P) of the diphosphine series in comparison with 
the variance in the 313 nm extinction coefficients [Fig. 6) is a further indi- 
cation of the correct electronic transition assignments of a s + r* transition 
centered on the phenyl rings at 250 nm and of an 1+ a, (n + ?r* character) 
associated with a hidden absorption band at about 300 nm. 
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Since the electronic transitions of the diphosphines appear to be the 
same as those of MePh,P, the emission spectra would also be expected to be 
similar to that of MePh*P. The emission spectra of the diphosphines at 77 K 
appear to be identical with that of MePh,P. The measured phosphorescence 
natural lifetimes of the diphosphines are also very similar to that of MePh2P 
(Table 1). The fluorescent emission spectra at room temperature of the 
diphosphines are also identical with that of MePh,P; however, the quantum 
yields of emission and lifetimes of the diphosphines at room temperature 
appear to be dependent on the number of -CH,- groups separating the 
phosphine lumophores (Table 1). The lifetime and the quantum yield of 
emission are reduced considerably as the distance between the lumophores 
is reduced. PhZP(CH&PPh2 shows an anomaly in the trend. The dependence 
of the lifetime and quantum yield of emission on the number of -CH2- 
groups suggests an intramolecular quenching process. No new distinguishable 
emissions in the diphosphines exhibiting the lower quantum yields of fluo- 
rescent emission were observed and no photolysis experiments on the 
diphosphines were performed to identify photoproducts that might be 
associated with an intramolecular quenching process. However, as a conjec- 
ture, an interaction between an excited state phosphine and a ground state 
phosphine similar to that observed in the mass spectrometry of the diphos- 
phines [31] could be envisioned. The idea has some merit since the charge 
transfer character of the electronically excited state of the phosphine 

6h 
>h’--GH,--P< 

Ph 

Ph Ph 

n + T* character 

would be similar to the radical formed by electron impact in the mass 
spectrometer 

Ph\+. /Ph 

Ph 
,P -CH2-P, 

Ph 

The very small singlet-triplet splitting of the diphosphines is consistent with 
an excited state of a biradical nature. The phosphorus would become a 
strong electrophile in the electronically excited state in contrast with a 
nucleophile in the ground state. 

5. Conclusions 

5.1. Electronic transition assignments 
The primary conclusion from the study of the photophysical proper- 

ties of the aryl phosphines Ph,P, MePh2P and the diphosphine series 
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Ph,P{CH2),PPh2 (from n = 1 to n = 6) has been an improved classification of 
their electronic transition states. The lowest energy excited electronic state 
of the aryl phosphines has been assigned to an 1 + a, transition, signifying an 
electron transfer from a lone electron pair orbital 1 on phosphorus to an anti- 
bonding 7r orbital on a phenyl 7~ group. The 1 + a, transition is of an n + 7r* 
character in contrast with aryl amines which also can be classified as having 
an 1 + a,, electronic transition but show characteristics similar to ?T + R* tran- 
sitions. Thus aryl phosphines exhibit photophysical properties more closely 
associated with carbonyl compounds (n + ?r*) than aryl amines. The 1 + a,, 
(n + K” character) electronic transition in the aryl phosphines is associated 
with a hidden low intensity absorption band at 290 - 300 nm. The maximum 
absorption band at 250 - 260 nm has been assigned to a 7r + m* transition 
centered on the phenyl P system (see Fig. 5). 

5.2. Emission spectra of triphenylphosphine 
The emission spectrum of Ph,P reported [S] in the literature is not 

correct. The spectrum reported is identical with that of Ph,P=O and must 
have been mistakenly identified because of some phosphine oxide impurity. 
The erroneous spectrum has caused considerable confusion and misinterpre- 
tations to persist in the literature relating to Ph,P. 

5.3. Excited state energies 
The electronic excited state energies of the aryl phosphines studied 

show very little difference. The lowest excited singlet energy of the aryl 
phosphines studied is calculated to be 79 - 82 kcal mol-’ with the triplet 
energy being estimated to be 75 - 77 kcal mol-I. 

5.4. Diphosphines 
An intramolecular quenching process of room temperature fluorescence 

appears to be operative in the diphosphines Ph2P(CH2),PPh2 for rz G 3. The 
nature of the intramolecular quenching was not determined, 

5.5. The effect of metal coordination 
The electronic transition (1 + a,) of the aryl phosphines is enhanced by 

coordination to copper(I), and the phosphine-copper( I) electronic transition 
has been classified as a,d + +,. The photophysical properties of these coordi- 
nation compounds have been determined as an extension of the work 
reported here [ 321. 

Acknowledgments 

We gratefully acknowledge financial support from the Frank J. Seiler 
Research Laboratory (Air Force Systems Comand), Utah Consortium for 
Energy Research and Education, and the Utah State University Research 
Office. 



262 

References 

1 
2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 
13 

14 
15 

16 

17 
18 

19 

20 
21 

22 

K. Bowden and E. A. Braude, J. Chem. Sot., (1952) 1068. 
H. Schindlbauer, Monatsh. Chem., 94 (1963) 99. 
H. Schindlbauer and H. Hagen, Monatsh. Chem., 96 (1965) 285. 
H. Schindlbauer and V. Hilzensauer, Monatsh. Chem., 98 (1967) 1196. 
H. H. Jaffe, J. Chem. Phys., 22 (1954) 1430. 
H. H. Jaffe and L. D. Freedman, J. Am. Chem. Sot., 74 (1952) 1069. 
C. N. R. Rao, J. Ramachandran, M. S. C. Iah, S. Somasekhara and T. V. Rajakumar, 
Nature (London), 183 (1959) 1475. 
C. N. R. Rao, J. Ramachandran and A. Balasubramanian, Can. J. Chem., 39 (1961) 
171. 
G. Shaw, J. K. Becconsall, R. M. Canadine and R. Murray, J. Chem. SOC., Chem. 
Commun., (1966) 425. 
B. I. Stepanov, A. I. Bokanov and V. I. Svergun, J. Gen. Chem. U.S.S.R., 41 (1971) 
526. 
A. I. Bokanov, N, A_ Roznael’skaya and B. I. Stepanov, J. Gen. Chem. U.S.S.R., 44 
(1974) 732. 
A. I. Bokanov, N. A. Rozanel’skaya and B. I. Stepanov, J. Gen. Chem. U.S.S.R., 44 
(1974) 760. 
K. L. Rogozhin, A. N. Rodionov, S. G. Smirnov, D. N. Shigorin, D. P. Syyutkina, V. 
I. Lodochnikova and K. A. Kocheshkov, Bull. Acad. Sci. U.S.S.R., Div. Chem. Sci., 2 
(1976) 338. 
K. L. Rogozhin, A. N. Rodionov, S. G. Smirnov, D. N. Shigorin, E. M. Panov and K. 
A. Kochnesdov, Bull. Acad. Sci. U.S.S.R., Div. Chem. Sci., 5 (1977) 1035. 
R. F. Ziolo, S. Lipton and Z. Dori, J. Chem. Sot., Chem. Commun., (1970) 1124. 
M. R. Buckner and D. R. McMillin, J. Chem. Sot., Chem. Commun., (1978) 760. 
N. A. Rozanel’skaya, A. I. Bokanov, B. M. Uzhinov and B. I. Stepanov, J. Gen. Chem. 
U.S.S.R., 45 (1975) 277. 
K. L. Rogozhin, A. M. Rogozhin, A. N. Rodionov and D. N. Shigorin, Russ. J. Phys. 
Chem., 52 (1978) 639. 
D. S. McClure, J. Chem. Phys., 17 (1949) 905. 
P. A. Grutsch and C. Kutal, J. Am. Chem. Sot., 99 (1977) 6460. 
C. Kutal and P. A. Grutsch, Adv. Chem. Ser., 173 (1979) 325. 
S. W. Orchard and C. Kutal, Inorg. Chim. Acta, 21 (1982) 538. 
P. A. Grutsch and C. Kutal, J. Am. Chem. Sot., 101 (1979) 4228. 
G. Costa, E. Reisenhofer and L. J. Stefani, J. Inorg. Nwcl. Chem., 27 (1965) 2581. 
F. H. Jardine, L. Rule and A. G. Vohra, J. Chem. Sot. A, (1970) 238. 
E. W. Abel, R. A. M. McLean and I. H. Sabberwal, J. Chem. Sot. A, (1969) 133. 
D. J. Fife, K. W. Morse and W. M. Moore, Abstracts 185th Natl. Meet. American 
Chemical Society, Seattle, WA, March 1983, American Chemical Society, Washington, 
DC, 1983, Abstract INOR 222. 
D. J. Fife, Ph.D. Dissertation, Utah State University, Logan, UT, 1983. 
E. C. Lim and M. Kedzierski, Chem. Phys. Lett., 20 (1973) 242. 
S. L. Murov, Hundbook of Photochemistry, Dekker, New York, 1973, and references 
cited therein. 
N. J. Turro, Modern Molecular Photochemistry, Benjamin-Cummings, Menlo Park, 
CA, 1978. 
H. J. Haink and J. R. Huber, Chem. Phys. Lett,, 44 (1976) 117. 
E. N. Tsvetkov and M. I. Kabachnik, Russ. Chem. Rev., 40 (1971) 97. 
V. V. Zverev and T. Kitaev, Russ. Chem. Rev., 46 (1977) 791. 
M. E. R. Marcondes, V. G. Toscano and R. G. Weiss, J. Am. Chem. Sot.. 97 (1974) 
4485. 
M. R. Buckner, T. G. Matthews, F. E. Lytel and D. R. McMillin, J. Am. Chem. Sot., 
101 (1979) 5846. 



263 

23 J. F. Lambert, H. F. Shurvell, L. Verbit, R. G. Cooks and G. H. Stout, Organic Struc- 
tural Analysis, MacMillan, New York, 1976, pp. 361 - 365. 

24 j. A. Barltrop and J. D. Coyle, Principles ofPhotochemistry, Wiley, New York, 1978. 
K. K. Rohatgi-Jukherjee, Fundamentals of Photochemistry, Wiley, New Y&k, 1978. 

25 J. J. Daly, J. Chem. SW., (1964) 3799. 
26 I. P. Romm, E. N. Guryanova, N. A. Rozanelskyal and K. A. Kocheshkov, Tetru- 

hedron Lett., 13 (1977) 33. 
J. F. Blount, Tetrahedron Lett., 11 (1975) 913. 

27 D. E. C. Corbridge, J. Appt. Chem., 6 (1956) 456; Top. Phosphorus Chem., 6 (1969) 
300. 

28 M. Kasha and H. R. Rawls, Photochem. Photobiol., 7 (1968) 561. 
29 L. M. Sergienko, G. V. Ratovskii, V. E. Dmitriev and B. V. Timokhin, J. Gen. Chem. 

U.S.S.R., 49 (1979) 275. 
30 H. G. Horn and K. Sommer, Spectrochim. Acta, Part A, 27 (1971) 1049. 
31 R. Colton and Q. N. Porter, Aust. J. Chem.. 21 (1968) 2215. 
32 D, J. Fife, W. M. Moore and K. W. Morse, Inorg. Chem., 23 (1984), in the press. 


