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A study has been made of the irthium-surface mztiated conversion of 

phthaiodrnltrlle to metal-freephthaiocyanme Attention has been gmen to 
t/ze kinetics of phthalocyanme fornzatlon and to parriaZ characterrsation 

Znfra-red, X-ray and d@erenrial scannmg calorinzerrlc anaiyses have 

provtded supporting evlderzce of phrhalocyanine formatron. The level of 

conversion wcs found to maxmnse at z 300/& rrrespectwe of the Initial 

phrhalodznitrIle concentratzon, indicatmg the presence of a surface 
cataiysed reactIo)z Atrempts haLe been made to derermme characterzstx 

features of the miriai stages of cyclrsatron. 

I. INTRODUCTION 

Phthalocyanine and metal phthalocyanines, containing central metal 
atoms from every group in the periodic table, have been prepared. While 
there is no one method which may be used to prepare all phthalocyanine 
compounds, some methods can be used to form several metal complexes. ’ 
Examples include (i) the reaction of phthalonitrile with a metal or metal 
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salt at elevated temperatures, (il) the reaction of phthahc anhydnde, 
phthalic acid or phthahmrde with urea, metal salts and a catalyst. (iu) the 
reaction of a-cyanobenzamlde with a metal and (iv) the reactlon of 
phthalocyanme or of a replaceable metal phthalocyanme with a metal, 
formlng a more stabIe phthalocyanlne 

Two general methods have been proposed for pleparmg metal-free 
phthalocyanlne systems-” (I) directly from phthalonitrlle and (11) 
mdlrectly from an acid and a metal phthalocyanlne contammg a 
replaceable metal 

Some methods for Formlng metal-Free phthalocyanme directly Include- 
heatmg phthalonltrlle to 350-360°C for 7 h in a sealed tube: heatrng 
phthalonltrlle In dlmethylanlllne or in qumohne solution while passing 
ammonia through the solution .3 heating phthalonltrlle In tnethanol- 
amlne to 170-l 80°C for 4 h.4 heating phthalonltrlle with acetamlde 
and/or formamlde to the boll for 8 h:” heating phthalonltrrle with a 
dlhydroxybenzene, glhcol or glycerlnc.6 and heatln_g phthalonltrile III an 
Inert solvent In the presence of cycloheuylamlne or plperldlne.; 

Methods of forming d metal phthalocyanlne with a replaceable metal, 
whrch IS subsequently removed with dn acid. are heating phthalonltrlle 
wrth a sodium alcoholate:” 9 with sodium cyanamide.” with sodium 
cyandmlde .ind a soi\ ent _’ ’ \\elth cdlclum metal In an alcohol, with 

caklum or bdrlum oxides.” lath calcium oxide and methylplucamlne:‘” 
~lth dn alcohol and sodium hydride. ” or wrth magnsslum and a solvent 
under pressure ” 

Other methods for maklng labile metal phthalocyanmes include 
Llnsread’s and Thorpe’s early pdtent’b using cyanobenzamlde or 
phthahmldc ds rhe phthaiocyanlne-forming intermedlate. and mag- 
neslum metal Methods of removrng the metal from labrle metal 
phthalocydnrnes rnclude dlssolutlon of tin phthalocyanme in con- 
centrated H,SO,. followed by drowning 111 water.” and bolllng alkaline 
earth metal phthdlocyanlnes Lxiith HCI or stlrrlng an alkali metal 
phthdlocydnlne \\plth cold methyl alcohol_ dllutlng with warm water and 
filrerlng ” Heating an dlkall metal with the ammonium salt of a strong 
acid tn d crystalhslng solvent converts it 10 j?-phthalocyanlne l9 

Much of the synthetic work associated with the formatlon of 
phthalocydnme t-in g systems IS very well established More recent studies 
concern product evaluation and improvement. The route chosen for the 
productron of phthalocyanme ring systems reported here IS in various 
ways dllt‘ercnt from the estabhshed methods Here we are concerned with 



the use of relatrvely inert solvents, anhydrous systems, low temperatures 
and addition methods of product formatron. These are conditions often 
favoured in polymerisatron processes based on anionic or radical-anionic 
intermediates 

Typical catalysts for anionic inrtratton rnclude alkali metals, alkalr 
metal amides, alkyls, aryls, hydroxides and cyanides. These catalysts can 
be used to convert mononitrrles to cyclrc trimers, but apparently the 
reactron does not contmue to linear polymers ” Triazme, pyrrmldme and 
pyrrdrne ring compounds can all be produced from monorntrrles m the 
presence of a base. Drmtnles, however, are capable of anromc 
polymerrsation. A polymerrc trrazme-bzsed structure is suggested, but 
not proved. for the polymerrsatron product of fumaronitrrle In the 
presence of sodium methanolate and heat ” 

Less interest has been shown In the radical reactions for mtriles than rn 
their IOIIIC reactions Certain examples are relevant. For benzyl cyanide. 
hydrogen abstraction from the or-methylene group IS seen as a dominant 
feature of radically Initiated polymerrsatton. Thus is followed by reaction 
of alternate pendent nrtrtle groups to give a polymer carrying a six- 
membered ring repeat structure.‘3-‘4 Phthalomtrrle grves the tetramer 
phthalocyanme under nitrogen when rmtrated using dr-rerr-butyl 
peroxide and rer-r-butyl hydroperoxrde as mltlators 15 Copolymerrsatron 
of phthaionrtrrle with drphenylmaleonrtrlle and drphenylsuccmonitrile 
gave tetrazaporphm and its derrvattves.‘” The toprc of phthalocyanme 
systems has received recent attention. for eNample. tn studres of polymeric 
phthalocyanrnes ‘6 - 78 It would seem a reasonable propositron that 
phthalocyanme ring formation might occur vra a radical-anionic type of 
mechamsm to produce either monomerrc or polymeric phthalocyanines, 
or both Phthalodmltrlle possesses the desired characterrstrcs for this type 
of study 

3 _. EXPERIMENTAL 

2.1. Reagents 

Phthalodimtrrle (analytical grade, from BDH Ltd) was recrystalhsed 
from petroleum ether (bollin g range 60-SO”C)/toluene (20/80 v/v) and 
dried rn a vacuum oven at 323 K Tetrahydrofuran (reagent grade. from 
BDH Ltd, containing 0- 1 0A quinol as stabrhser) was mltrally stored over 
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sodium wtre for one week; 200 cm3 ahquots were then reRuxed over 5 g of 
lrthrum alumlnrum hydrrde for 4 h. The refluxed tetrahydrofuran was 
drstrlled over fresh hthrum aluminrum hydrrde m a dry, deoxygenated, 
nitrogen atmosphere. and 30 cm3 ahquots of this freshly distrlled solvent 
were transferred to glass ampoules and degassed via a successton of 
freeze/thaw cycles dt I x IO-” N m-‘. The ampoules were sealed at 
I x iO-3Nm-’ and left at 273 K In a refrigerator until required. The 
methanol for cleanmg hthrum meta! (used m the initlatlon reactlon In 
tetrahydrofuran) was of analytrcal grade, as supphed by BDH Ltd It was 
stored over, and dlstrlled from, calctum oxrde immedtately prror to use m 
the glove box dssembly 

2.2. Cyclisation reactions 

These werecarrted out under a dry. deoxygenated nitrogen atmosphere In 
d glove box fitted with all relevant ancrllary equrpment Care was taken to 
ensure that the glove box assembly was contrnuously purged wrth dry 
nitrogen under posrtrve pressure The experrmental procedure descrrbed 
below was carried out n-r thus envrronment. 

Purified tetrahydrofuran. methanol and phthalodmitrrle were placed In 
the glove box whtch was then tiooded wtth dry nitrogen for a minimum of 
15 mtn before any experrmental procedure was undertaken Solutions of 
phthalodlnrtrrle, JII tetrahydrofuran, In the range 0 08-O-48 g were 
assembled using 8 cm3 of solvent tn each case. These solutrons were 
contnrned m sealable glass vessels (capacrty 10 cm3), the seal being 
mamtatned vra a polyethylene cap. Approxrmately umform pieces of 
lrthrum were carefully flattened and cut to the requrred drmensrons and 
mass (0 047-O 04s g) lnsrde the glove box. Each of these was then cleaned 
by rmmersron for a few seconds rn the dry methanol and then washed In 
two 20-cm3 nltquots of dry tetrahydrofuran before being added to one of 
the assembled solutrons of phthalonitrrle m tetrahydrofuran For each 
nrtrlle concentration. several glass vessels were avallable, so that a range 
of reactton trmes might be covered Each nitrIfe solutton/lnhtum 
combination was thoroughly ffushed by introducing a bleed of dry, 
deoxygenated mtrogen gas. The nttrogen Aow was dtscontmued and the 
vessel sealed The vessels were undisturbed during the reactron trme which 
varied from 15 mm to one week All the reacttons were carried out at 
room temperature. 
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After the required time, the hthium was removed from the solutron and 
washed with water-free acetone to ensure removal of all product and 
reactant from the surface The vessels were then carefully removed from 
the glove box In each Instance, tetrahydrofuran and acetone were 
removed by rotary evaporation. The dry solid residue was dissolved in 
concentrated sulphuric actd (10 cm3) wtth strrrtng for 10-I 5 mm and left 
for 1 h. The solution in sulphurrc acrd was poured slowly into ice-water 
whrle stirring took place, then left overntght. The dark blue product which 
precrpitated from the solutton rnrttally ds a suspension was repeatedly 
washed until neutral Final separation was achieved by centrrfugation. 
The product was dried at 353 K, under vacuum, to constant weight. 

Partral characterrsatron was carried out through elemental analysis (by 
courtesy of the Department of Organtc Chemistry, Unrversity of Leeds, 
Great Brttatn), mfra-red spectroscopy_ X-ray diffraction studies and 
scanning electron microscopy (by courtesy of the Wolfson Organic 
Powders Umt. Urnversrty of Leeds, Great Britain). Comparisons between 
the product of the radical-anionic modificatton of phthalonitrile and a 
purified sample of Monastral Fast Blue G (a commercially available, 
metal-free phthalocyanme) were made n-r each instance. 

3. RESULTS 

The radrcal-amonrcally induced cychsatlon of phthalonitrile IS very water 
sensrtrve. Water 1s believed to destroy the mitratmg species. Wlchout 
precautrons already described, reproducrbihty of yield and product 
quality was found to be rmposslble to achieve 

The effect of varying the concentration of phthalonitrile on the rate of 
reactron was examined in the range 0.0781-o-469 mol of phthalonitnle 
per lrtre of solution m tetrahydrofuran. The ‘cyclisatron’ reaction was 
allowed to proceed over a period of 144 h for each nitrrle concentration. 
Figure 1 represents the conversron of phthalodmitrlle to phthalocyamne 
product n-r terms of the percentage by werght based on the original mass of 
phthalodmrtrile. From such mformatton it 1s possible to calculate the rate 
of cyclisation at a particular time (R,). Extrapolation of R, versus reaction 
time back to zero trme provides an indication of the imttal reaction 
rate, R,. Simple manipulation of these data gives the value of _Y in 
R, = k,[Ph(CN)Jr, x = l-48 z l-50. Table 1 provides data concerning 
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0 o-5 1-o l-5 2-O 2-5 3-O 35 

REACTION TIME 1s X lO-3) 

Fig. 1. Varlntlon of phthalodmltrlle converslon to phthalocyarune ring product wth 
reactlon time ConversIon 1s expressed as the percentage by weight of phthalodimtrlle 
converted based on the mdss of phthalodmltrlle present Phrhalodmltnle concentrauons 

(mol htre- ‘) are 0. 0 078 1. A. 0 234, G_ 0 273. q , 0 313. (b. 0 469 

the imtial reaction rate. R,, the phthalodtnitrile concentration depen- 
dence and the initial rate constant obtained from studtes involving a 
range of phthalodmitrile concentrations. Also included m Table 1 are 
values of the percentage converston achieved after 14 h for each nttrtle 
concentration 

Elemental analysis showed the cychsation reaction product after 
treatment with concentrated sulphuric acid to be metal-free phthalo- 
cyanme Monastral Fast Blue G (C-1 Pigment Blue 16), m purified form, 
was used for comparison purposes Infra-red spectroscoptc analysis. 
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TABLE 1 

Kinetic Data from Phthalodmltnle Cychsatlon III Llthlum/Tetrahydrofuran/Phthalo- 
dmltrtle Mixtures 

lPMCN),I 
(mol lure- ‘) 

0 0781 0 590 2 66 18 6 
0 234 3 20 2 83 19 6 
0 273 3 85 2 59 22 1 
0 313 4 90 2 79 28 0 
0 469 7 95 2 49 32 6 

IO> x R, 

(mol fttre-’ s-l) 
IO” x k, 

(ma/ Iltre- lrZ s- ‘) 
Percentage 

corn ersror: after 
144 h 

P = 2 67 x lo-= mol-‘f” 
_,“= I 48 17 R = .h-[Ph(CNj’;re- “’ ‘- ’ x 

’ 0 2 

differential scanning calorimetry and X-ray dtffraction studies were also 
used m characterisation of the reaction products. The results support the 
finding that the insoluble products of the radical-anionic cyclisatton of 
phthalodimtrile, under the conditions described, were metal-free j?- 
phthalocyanme. No lithium was found in the products Thus, the 
counter-ion to the amomc cychsatton intermediate is not present in the 
final product. This provides an mstght into the cyclisation mechanism. 

During the synthesis of the proposed phthalocyanine, by-products 
soluble m tetrahydrofuran were formed. These were invariably reddish 
brown n-t colour. Analysis, though made difficult by the presence of 
1lthn.n-n in the composition, showed the soluble product to be 
predominantly dilithium phthalocyarune. This formed the maJor 
component of all the side-reaction products m each instance Aspects 
associated with the formation and further 
dtlithium phthalocyanine were not considered 
might warrant subsequent study 

4. DISCUSSION 

characterisation of the 
any further, though they 

The evidence presented is strongly in favour of cychsation to metal-free 
phthalocyanine being a significant feature of the hthium-mduced 
reactions of phthalodinitrile. The relative ease ofcyclisation in this way is 
of interest_ The conventional routes to phthalocyanmes are relatively 
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unsophtsttcated and tnvolve multistep processes at elevated tempera- 
tures_ The route outhned here operates at low temperatures, with 
effictency tn the initial stages of reaction. Several alternative routes, 
however. provide phthalocyanines with good ultimate yields. As we have 
seen. even at an tntttal phthalodinitrtle concentration of O-469 mol htre- ’ 
of tetrahydrofuran. the conversion levels out at approximately 25 o/0 after 
72 h As intimated earlier, one problem concerns the fact that the reactton 
appears to be surface-catalysed and that the surface area of the hthtum 
wtll be relatively small A posskle solution to this dilemma concerns the 
uw of hthtum tn finely divided form so as to increase the surface area 
available per untt mass of lithmm Such a proposttion is worthy of further 
attentton. 

Wtth regard to the cycltsatton process, both the kmettc aspects and the 
mechantsttc features offer constderable complextty The flat dtsc of 
ltthtum metal tn the Inert solvent tetrahydrofuran provtdes a suitable 
medtum for a radtcal-antontc reactton to take place In sample terms, such 
an tontc reaction can be thought of as an electron exchange from the 
metal to a receptor of htgh electron affintty 19 In this study we are dedling 
with phthalodrnttrlle. which provides the necessary electron acceptance 
capactty Thus. 

e-+P+ P’ 

where e- denotes the electron donated by the Itthtum, P the 
phthalodtnrtrtle and P ‘. the phthalodmttrtle radtcal-amon Another 
powble route to electron exchange Inltlatlon Includes electrochemical 

polymerisation30 where monomer radical-anton formation can be made 
to occur at the cathode, and monomer radical-catton formation can be 
made to occur at the anode A variety of mono- and dr-nltrrles have 
tendencies to undergo poiymertsatton and cychsatton reactions. Indeed, 
phthalodtnttrtle has been shown to produce the cyclic tetramer, 
phthalocyanine. under nitrogen with conventional mitiators, though this 
reactlon. thought to be radtcal III character, occurs at elevated 
temperatures and provides low yields 

In practice. radtcal antons are most frequently generated m aprotic 
solvents. using alkalt or alkaline earth metals as reducmg agents. The 
efficiency of the reduction process IS dependent on the electron affimty of 
the acceptor, the solvatton requirements of the cation. the iomsation 
potsnttal of the metal and tts heat of subhmatton. 
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In the phthalodinitnle/tetrahydrofuran/lithium situation, three major 
physical possrbilities can be visualised. 

(I) Electron exchange at the surface, not involving rupture of the 
surface, to the phthalodinitrile from the lithium. The newly 
formed radical-anion may then dimerise at the surface to produce 
the diamon. The dianion may then migrate from the surface, 
together with the associated counter-ions, to undergo tetrameri- 
sation in the bulk solution The viability of the dianion in solution 
~111 be dependent on the solvent. In the search for stability, 
cychsation of the tetramer must compete with further propagation 
to produce a linear polymer. The product formed, as described. 
mdrcates that the predominating event is that of cyclisation. though 
the formation of low molecular mass lmear polymeric fragments 
cannot be entirely ruled out. 

(ii) As (I) with regard to the formation of the primary radical-anion. 
but wtth the difference that the newly formed radical-anion moves 
away from the surface with its associated counter-ion, Li’ This 
would suggest that the initiator (Li metal) surface would be 
continually eroded although lithium would not necessarily be 
present in the product. Whether it was, would depend on the 
strength of the association between the cation and anion centres, 
and any competitive features In this instance, tetramer formation 
would result from the nitrile radical-anion. No dimerisation on 
the surface would take place This would occur in the bulk solution, 
to be followed by tetramerisation and possible release of the 
lithium. Events following migration from the surface will be 
considerably influenced by the ability of the solvent to provide 
stability for the diamon before termination occurs, requiring 
consideration of three aspects of the overall reaction, namely 
initiation. propagation and termmation of the reactive species. 

(in) The thud possibility is that the entire process occurs at the surface. 
which affects the events through steric hindrance, thus forcing the 
growing macro-radical-anion to cyclise. One can envisage the 
various amon centres and attendant lithium counter-ions being 
held at the surface via electrostatic attraction between the anion 
(resulting from electron exchange, supported by the solvent) and 
the lithium cation held in the surface. Geometric arrangement at 
the surface could provide a means whereby cyclisation becomes 
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feasible. The cyano group has high electron affinity and could 
compete with the surface for interaction with the electron density 
of the newly formed nltnlium anion. Ring closure would rapidly 
follow to leave an electronically neutral molecule with no basis for 
close a&nlty with the surface. At this point the near-neutral 
phthalocyanine rmg system could be removed from the surface by 
contmuous shaking. If this mechanism 1s vahd, then the whole 
cychsatlon process 1s surface catalysed The rrng system would 
leave the surface with two negatively charged centres which could 
achieve stablhty by proton abstractlon from the solvent 
(tetrahydrofuran). 

From the evperlmental data. we are able to obtam an approximate 
value for the rate constant for the lnltlal stages of the cychsatlon reactlon 
Such a derivation requires the calculation of the dependence of the rnltlal 
rate on the phthalodmltrlle concentration This has been shown to be 
approximately 1 5 Use of the expression R, K [Ph(CN),]* provides a 

route to the rate constant in the usual way. I e 

log R, = log k, + s log [Ph(CN),] (1) 

where R,, [Ph(CN),] and _ 1 are known Log E, can be calculated for each 
group of experimental data An average value for the rate constant, X-,, 
can thus be obtained. It 1s 2 67 x lo-’ litre’ ’ mol-’ ’ s-’ 

The magnitude of the lnltlal reactlon rates 1s not unusual for 
radical-amon reactions The lnformatlon provides an insight into the 
mechanism of the lnltlal reaction A dependency of 1 5 for the 
relationship between the initial rate of phthalocyanlne product formation 
and the phthalodinltrlle concentration may be explained by conslderatlon 
of conventional free radical reactIons in Lvhlch the lnltiator efficiency 1s 
itself dependent on the concentration of monomer or primary reagent (In 
this case. phthalodlnltriie) 

Thus, on the basis of conventional radical reactlon conditions 111 which 
the rapid establishment of a steady-state situation 1s assumed, the 
followmg approach may be apphed to the phthalodmitrlle cycllsatlon 
process Involving lithium 

4 = k,f[Il (2) 

where R, denotes the rate of lnitlatlon of active centres, X-, denotes the rate 
constant for initiation of active centres,fdenotes the efficiency of use of 
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the initiation species and [I] denotes the n-ntlator concentration, lithium 
centres. In termination of chain growth, 

R, = 2k,JP ‘I’ (3) 

where R, denotes the rate of termination of active centres, in this case 
through tetramerlsation, X-, is the rate constant for termination and [P’] 
is the concentration of phthalodmitrile radical-anion centres In 
termination, two of these centres will be mutually destroyed. Hence, 
termination IS second order with respect to the [P ‘1 concentration 

In the steady state, the rate of initiation is balanced by the rate of 
termination. 1-e 

[P :] = (RJX,)“’ 

Consldermg the cycllsatlon reaction, 

R,=/i,[P][P=] 

where R, IS the rate constant of cyclisatlon, 
concentration and [P] IS the phthalodlnltrlle 
[PI], from eqns (6) and (2). 

R, = /?JP][R,/%-,I”’ 

R,=/L-JP] y 
c 1 

11’ 

I 

(4) 

(9 

(6) 

(7) 

[P :] is the radical-amon 
concentration. RepIacing 

(8) 

(9) 

In this instance, the phthalodlnltrlle will be directly involved in Initiation 
so that the efficiency factor, f; Itself is proportional to the nitrlle 
concentration, and R, becomes proportional to [P13” 

The experimental data show that the imtial rate of cychsatlon, R,, 1s 

proportional to the $ power of the mtrlle concentration and it is tempting, 
therefore, to suggest that the cyclisatlon process follows conventional 
radical kinetics through the setting up of a steady-state situation Equally, 
it can be postulated that the nitrile is directly involved in initlatlon. This 
Interpretation of the results beyond the treatment gven here must be 
regarded with caution, in the absence of supporting mformatlon. This is 
especially so when conslderatlon IS given to the fact that an mvestigatlon 
of the mit:ator dependence was not feasible owing to difficulties 
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associated with presenting the imtlator to the reaction medium in a 
uniform manner. 

It remains to be seen whether or not the extent of conversion beyond ca. 

30 y0 can be Improved by modifying the physical nature of the lithium as it 
is presented to the reaction system. An obvious change is the use of finely 
divided lithium, which enables a much higher surface area to be made 
available, so that the cychsatlon 1s given greater opportumty of success. 
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