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~~~~~~~~~ s h e n e s .  m. ~~~~~~hotoelectron~~~~ctra of

Selected ~~~ ~~~~~~~~~t~~~~~~o~~~~ lf luoroc clotri hos hazenes. 1

Christophe r W. Allen~2a and Jennifer C. Gre en2b

Contribution from the Department of Chemistry,
University of Vermont , Burlington , Vermont 05405

and from the Inorganic Chemistry Laboratory
South Parka Road , Oxford OX1 3QR, England.

ABSTRACT

He(I) photoelectron Spectra are presented for P3N3F6~~(C
6H5) (n— 1,2,4) and

P3N375C6E4N( CH3)2. Ionization energies are discussed in terms of perturbations

of molecular orbital. of the parent aryl and phosphazene functions. The data

confirm the strong electron withdrawing effect of the P3N315 moiety and show a

dramatic decreas e in this effect as fluorine atoma are replaced by phenyl groups.

One also observes a significant destabilization of the phosphazene out of plane

11 molecular orbital as the fluorine atoms are replaced by phenyl groups. The

ionizations from the phenyl 1! and ir~ orbital. are unresolved in phenyla2
phosp hazenes thua demonstrating the lack of significant phospha zene — aryl group

mesomeric interactions. The electronic effect of the electron donating dimethylamino

substituent on the phenyl unit is transmitted to the phosphazene through the

sigma bond system. 



The nature of the electronic interaction between aromatic hydrocarbon groups

and directly bonded second row atoms, such as silicon and phosphorus, continues

to attract considerable attention. Various spectroscopic probes have been

applied to these systems in order to evaluate the relative importance of conjugative,

hyperconjugative and inductive effects~~
5 Ary]. substituted cyclophosphazenes

havs been .xamined by UV , ESR , NQR and NMR (1E , C , F and P )
spectroscopy and these results have been variously interpreteted as showing no ,

a smafl amount , or extensive mesomeric interactions depending on the technique

which was utilized. Our recent ‘3C NMR work’0, along with 19F NNR studies of

Chivers and Paddock’1, establish that the P3N3P5 group exerts a strong electron

withdrawing effect on a pheny]. ring. The mechanism f or this perturbation is

still unclear. The difficulties associated with separation of field and mesomeric

contributions to N}~ Chemical shifts’3 suggested to us that an alternative, more

definitive, technique should be used if an tma~.hiquous resolution to this problem
14is to be attained. Since photoelectron (PB) spectroscopy has been successfully

applied to problems of this type with other main group compounds5’15, we have

chosen to investigate the He(I) photoelectron spectra of a series of phenyl—

fluorocyclotri phosphazenes , P3N3F6~~ (C6B5)~ (n— 1,2 ,4) and of p—N,N—dimsthylamino—

phenylpentafluorocyclotriphosphazene, P3N3F5C6R4N (CH 3) 2

a~~S~~t ion

Materials. The phenyl—substituted fluorocyclotriphosphazenes were by prepared

and purified by previously rep orted procedures !2 ’16 The p—N ,N—dimethylaminophenyl

derivative was prepared by the reaction of p—N N—dimethylaminophenyl magnesium

br omide with hezafluorocyclotriphosphazene (P3N3F6) e 
17

The He(I) FE spectra were recorde d on a Perkin—Elmer PS 16/ 18

instr i nt modified to t ake a heated insert. The spectra were calibrated using

_ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _
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xenon and argon. The data are reported in table I.

Results and Discussionwwvv~ ~~~ ~wvvv~~~~
In the subsequent discussion we shall asst~~ the validity of Koopean ’ s

theore m! 8 This assumption appears war rented in that one is dealing with electrons

in dei ocalized molecular orbita ls It has been st~own 19 however for substituted

benzen. derivatives that Boopmau ’s the orem only hold, to a first approximation.

Molecular orbital energy change s In the range of 0.333eV(3.6 5Z) over those

expected on the basis of Loopman ’s theorem are observed . Indepe ndent of the

strict validity of Koopman ’ s theo rem , most of the argusments we shall make are

valid if we assume that deviations from this assumption are constant throug hout

this series of closely related compounds .

The PB spectr um of P3N3F5C6K5 La shown in figure 1. One can approach the

assigi~~.nt of the spectr um by the composite molecule approach ’4 starting from the

krown spectra of benzene’4 and hexafluorocyclotriphosph azene ~° P3N316. The first

ionization potential (IP ) of benzene occurs in the region of 9.25ev21 and 1.

raised by the presenc. of electron withdrawin g substituents e.g. the first &y]

it ionization in nitrob enzens occurs at 10.O3eV ’4 ’22 . Since N~~ measurements have

suggested that the electro n withdrawing effect of the P3N3F5 moiety approximates

that of a nitro grou p9’~° the first band in the PB spectr um of P3N375C6B5
(10.07eV) is logically assigne d to ionization from molecular orbit al s derived

primarily from the highest energy it molecular orbit sis (a2 ,b 1) of the aryl emit .

The first Ip of P3N3F6 occur s at 11.4ev and drops steadily as fluorine atoms

are replaced by less electronegative substitue nts~
0 We therefore assign the

band at 11.25ev to an analagou.s ionization process. On the basis of Li

calcul ations23 this band (in P 3N3P6) has been assigned to ionization from an

orb ital of the out of plane it system which is only weakly bonding. Reversal of

_ _  ~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



the assignment of the first two peaks would place the aryl ionization well above

those recorded for othe r monosubstitu ted b.nzene derivati ves ’4 and the ary l

ionization would not be in the range expected on the basis of the d~ constant

(calculated f rom N)~~ shifts) of the P 3N3F5 moiety!0

The next set of peaks (12.20 and 12 .98 eV) would be expected to contain

contributions from both are ne and phospha zene based molecular orbitals. The In

plane ii ionization which occurs at 13. 1eV In 23N3J 6
18 and the benzene

ionization are reasonably assigned to this region!4 The a 1 ionization of the

ary ] unit occurs at 11.70ev 14 in benz.ne and would be expected to be ra ised into

the region in question by the strong electron withdrawing effect of the phosphazene

unit.

The raRa4’~ing peaks In the spectrum begin at 14.72ev and fall in the region

of a bond ionizations in both the arena ’4 and phospha zene systeiiis2° and will not

be discussed.

The partial assign~.nt of the PB spectrum of P3N315C6B5 allow, one to answer

some basic questions about electronic interactions in this molecule. The observation

of a larg e Increase in the ionization energy (relative to benzene) of the highest

filled arena based molecular orbit al. is consistent with previous nmr studie s9 ’ 1

which have established the P3N3F5 moiety as a strong electron withdr awing group .

The data from the PB spectrum demonstrates that the magnitude of this effect i.

competitive with tradi onal strong electron withdraw ing units such as the nitro

or cyano groups. 14 Having established the electron withdrawing nature of the

P3N315 function, the next question is: by what mechanism is this process accomplished?

On going from benzene to monosubstituted beuzene derivatives , the resulting lowering

of sy etry removes the degeneracy of th. two highest filled arene molecular

orbitals. The disposition of the two molecular orbital. is such that one (b 1)

is in a position to undergo aesomeric interaction with the substituent while the
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othe r is not . The magnitude of the splitting of the b 1 and a2 ionizations

is thus a direct asure of the amount of mesomeric Interaction of a substituent

with the benzene ring.24 The observation of a relatively narrow, unsplit band

for the arena b1, a2 set establishes that any removal of degeneracy of b 1 and

a2 orbitals ~ ist be small enough to be within the band envelope and hence the

electron withdrawing process is essentially through the a system .

Although hyp.rconjugative models4 5”5 have been widely and successfully

applied to the interpretation of the electronic structure of organosilicon

compounds, such effects do not appear to be significant for the aryl phosphazeues.

A a/n mixing of phosphorus—nitrogen bonds and the phenyl it system will not be

signif icant since the appropriate a bond energy is well removed (below 15ev)

from the phenyl it system. This effect , if present , would destabilize the phenyl

1~ a2~ 
b1 mol ecular orbitals. In view of the large observed stabilization, any

0/ it ~4~ing is small compared to the a electron withdrawing effect . A hyper—

conjugative rlr(ng of the phenyl and phosphazene it molecular orbital. would lead

to a destablization of the phenyl and stabilization of the phosphazene molecular

orbit als. Since the opposite effect is observed , one can conclude that this

effect is not operat ive to any significant degree.

The modest destab]ization (from 
~?3’6~ 

of the out of plane it phosphazene

molecular orbital is consistent with previous ionization potential measurements

on cyclophosphazenes2° The origin of this effect lies in the fact that replace-

ment of the highly electronegative fluorine atom by an electron relea sing

su),stituent lowers the ability of the phosphorus center to attract , and hence

effect delocalization, of it electrons. In that one would expect a a phosphorus—

carbon bond to be higher in energy than a a phosphorus—fluorine bond , one could

expect an increase in the a/it hyperconjugative contribution to the phospha zele

it orbital. However , the appropriate a level is again far removed from the it

U ~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ~~. I



level so the magnitude of this interaction would be small .

All three isomers ( 2 2  , 2 ,4—cis and 2 ,4—trans) in the diphenyltetraflucro—

cyclotripho.phazene series have similar PB spectra (figure 1) which can be

analyzed in terms of the modal proposed for the monosubstituted derivative. The

lowest energy ionization (ca 9.6ev) is again most logically assigned to the ~~yl

1ta1,b2 ionization. The next ionization occurs In the region of 10.3 to 10.5eV

(depending on the isomer In question) . If this were to be an axyl it ionization,

it would require an Increase In the phosphazene electron withdrawing effect when

a fluorine atom is replaced by the electron donating phenyl group . Consequently

the 10.3—10.5eV band is assigned to the phosphazene out of plane n system. The

intensity of the 9.6ev band relative to the 10.3—10 .5eV increases on going from

the mono to the disubstituted derivative. This observation is in keeping with the

prop osed assigni’.nts since it reflects the Increase in the number of phenyl groups

in the system.

Am in the case of the monophenyl derivative • ionizations from the two highest

filled aryl molecular orbital. are not resolved in the spectra of any of the three

dipbsnyl isomers thus indicating the minimal importance of aryl—phosphorus

meso ric interactions In these compounds.

Bands in the region of 11.3-11.4eV and 13.7eV appear in the PB spectra of the

non—gealnal isomers. These bands do not appear in the spectrum of the geminal

isomer and hence are diagnostic of the nan—geminal species It would of interest

to see if those bands occur in the spectrum of the monosubetituted material but

the region in question is dominated by the out of plane it phosphazene and other

ionizations. The origin of these new bands is unclear but the fact that they

app ear in the spectra of the species of lower symset ry suggests that they may

arise from the removal of degeneracy of some of the many degene rate phoep hazene

L ~~~~~~~~ ~~~~~~~~~~~~ 
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molecular orbitals~
3

~ ban is In the 12—13eV region exhibit severe overlapping however the broad

band width and assymset ry of the peaks suggest at least two ionizations (as in

the monosubstituted derivative) are contained in the band envelope.

The PB spectrum of the geminally substituted tetrapheny]. derivative, 2,2,4,

4 — P3Nj2 (C6a5)4~ exhibits most of the general features observed in the other

derivatives . As expected , the aryl it ionization band (9.31eV) has increased in

intensity and moved to lower energy while the phosphazene it ionization band (10.15eV)

exhibits a relative decrease in intensity and also ham moved to lower energy. The

most Interesting spectral feature is the shoulder (8.5eV) on the aryl it ionization

band. Similar PB spectra have been obøerved for phenyl substituted methanes and

the additional ionization has been ascribed to n/it interactions between adjacent

phenyl rings~
5 A similar process could be envisioned as occurring in the

tetraphenyl pbosphazene under consideration . The electron withdrawing effect of

the phosphazene unit is significantly reduced in the tetraphenyl derivative and

the aryl. it ionization energy is near that of benzene itself. As a consequence of

this decreased it stabilization , intramolecular it/it interactions can occur in a 2

more facile fashion than in the other , more electron withdrawing, phenylphosphazenes.

In order to probe the effects of variations in the aryl group on the

electronic structure of the phosphoru s—aryl bond , the PE spectrum of p—N ,N—

diaethylaminophenylpentafluorocyclotriphosphazene, P3N3F5C6H4N (~~ 3) 2’ was examined .

It was of particular interest to see what perturbation. of the aryl group would

result from the presence of both strong electron withdrawing (P 3N3F5) and electron

donating (N(CH ) ) groups on aryl ring. The assignment of the spectrum was

accomplished via the composite molecule approach using the known spectra of

N ,N—dimethylaniline22 and hexafluorocyclotriphosphazene2° (figure 2). The lowest

energy (7. 88ev) ionization is well, removed from the aryl if and phosphazene regions

_ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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and is assigned to the d.tmathylamino nitrogen lone pair ionization~
2 The next

band (9.53 eV) is assigned to the aryl 71
5 

molecular orbital. The aryl it
h 

band
2 1

is assigned to the 10.21ev ionization while the 10.73eV band is assigned to the

phosphazene out of plane it ionization. A reversal of assignment of the letter

two bands is unreasonable on intensity ground.. The pattern of relative intensities

using the proposed assignment fits that observed for P3N 3F5C6R5. Furthermore ,

reversal of the ‘T b and phosphazene it band assignments would lead to an unacceptable

diversity in intensity between the it and Tb bands .
1

There are several In terest ing feature s in the PB spectrum of P3N 3F5C6H4N( CR 3) 2 .

The diaethylaalno nitrogen lone pair ionization has been stabilized by 0.51eV on

going from N ,N—diasthylaniline to the phosphazene derivative. Thus , the strong

electron withdrawing effect of the phosphazene unit is manifested several atoms

distant from the phosphorus center. The splitting of the it and Tb aryl bandsa2 1
observed in N ,N—dim.thylaniliue is due to the mesomeric Interaction of the

dimethylaaino nitrogen lone pair with the aryl it system. In para—disubstituted

benmene derivatives, the 
~a , ~~ separation is appror(mstaly the sun of the separations

2 1  2for the appropriate monosubstituted derivatives . On going from N ,N—dimethyaniline

to P3N3P5C6E4
N((~3)2, one actually observes a decrease in the a2, b1 splitting

which is consistent with the results obtained for the phenylphosphazenes in

indicating that no significant phosphazene/ary]. conjugative interactions occur.

The energy of the pho.phazene in plane it ionization is reduced from that observed

for the analogous phenyl derivative . This shif t reflects the Increased electron

releasing character of the N ,N—dimethylaminophenyl group compared to the phenyl

group. This observation demonstrates that it electronic perturbations of the ary l

group are transmitted to the phosphazene. Since phosphazene/aryl it conjugative

interactions are not significant , this transmission of electronic information

must be through the ~ bond system.
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FE spectra of (a) P
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6H5)2, (c) cis— -

~ f 2,4—P3N314 (c6u5) 2, (d) 2 ,2—P 3N3p’4 (c6a5) 2, (e) 2 ,2 ,4 ,4—p3N3
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2 (c6H5) 2, and (f)

U P3N315C6B4N(cu3)2. 
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(vertical axis in electron volts) .
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