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ABSTRACT: Crystals of 1,6-bis(3',6'-dibromo-N-carbazolyl)2,4-hexadiyne (DCHBr4, la )  belong to the 
monoclinic system, s ace group P21lc, with a = 15.408(5) A, b = 4.120(1) A, c = 20.032(6) A, /3 = 95.72- 
(3)", V = 1265.3(11) if3, and 2 = 2. Full-matrix least-squares refinement of positional and displacement 
parameters for all atoms (H atoms fixed at calculated positions), with 1570 reflections ( I  > 1.96a(Z)) led 
to R = 0.0469 and R, = 0.0448. The crystal structure of DCHBr4 consists of linear chains of molecules 
stacked along the crystallographic b axis with an orientation similar to that reported earlier for 1,6-di- 
N-carbazolyl-2,4-hexadiyne (DCH, lb) a t  T < 142 K. Using the accepted structural criteria for solid- 
state reactivity in diacetylene monomers, DCHBr4 is predicted and found to be markedly less reactive to 
6oCo y-rays, W, and thermal treatment than the room-temperature form of DCH. Prolonged heating of 
DCHBr4 at T > 200 "C leads to solid-state polymerization of this monomer accompanied by thermal 
decomposition; 3,6-dibromocarbazole was identified as  a volatile product of the latter process. The color 
change accompanying the solid-state polymerization of DCHBr4 suggests applications for this monomer 
as an irreversible thermochromic sensor. The product of the solid-state reaction is a poly(diacetylene), 
as determined from resonance Raman spectroscopic measurements. 

Introduction 

The diacetylene monomer 1,6-bis(3',6-dibromo-N- 
carbazolyl)-2,4-hexadiyne (DCHBr4, la) was initially 
synthesized2 as a model compound for studies of the 
products of bromination of single crystals of the poly- 
(diacetylene) (PDA, 2) from 1,6-di-N-carbazolyl-2,4- 
hexadiyne (lb)2-3 by solid-state NMR,2,3b,4 FTIR,3C and 
Br-EXAFS5 The bromination of poly-DCH is an un- 
usual solid-state reaction in which bromine diffuses into 
the polymer single crystals, resulting in the gain of 3-9 
Br atoms per polymer repeat  nit.^^^ The bromination 
product, which has gained approximately 6 Br atoms 
per repeat unit, is cry~tal l ine,~ and solid-state NMR 
studies revealed that the carbazole rings were selec- 
tively brominated in the 3 and 6 p o s i t i o n ~ ~ ~ ~ ~ , ~  and that 
the poly(diacetylene1 backbone was converted to that 
of a mixed polyacetylene. The mixed polyacetylene 
structure has been directly observed in Raman spec- 
troscopic studies.6 

Preliminary experiments suggested that l a  was 
insensitive to W- or y-irradiation; color changes were 
observed when solid l a  was heated at t e m p e r a t u r e s  > 
210 "C. This paper presents a complete report of the 
thermal behavior of l a  and a comparison to the thermal 
properties of l b  and the bis-1,3,6,8-octabromo DCH 
derivative, DCHBrs, IC. Studies of the product of the 
heating of l a  allow comparisons to be made to the 
product of the reaction of poly-DCH with 
Further, the results of an X-ray structure determination 
on l a  provide an opportunity to interpret the structure 
in terms of the accepted criteria for solid-state reactivity 
of diacetylene  monomer^.^,^ 
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Experimental Section 
General Procedures. Elemental analyses were performed 

by Schwarzkopf Microanalytical Laboratory, Woodside, NY. 
Raman spectra were recorded using 632.8 nm as  the wave- 
length of excitation using apparatus previously described.6b 
FTIR spectra were measured on a Nicolet 740SX spectrometer. 
DSC and TGA were obtained using a DuPont 2100 instrument. 
Samples of DCH, DCHBr4, and DCHBrs were obtained as 
previously described.2 

1,6-Bis(3',6'-Dibromo-~-carbazolyl)-2,4-hexadiyne 
(DCHBr4, la). The FTIR spectrum of this compound dis- 
persed in KBr exhibited the following absorptions (cm-'): 
3073, 3055, 2963, 2913, 1594, 1569, 1471, 1437, 1428, 1352, 
1332, 1311, 1288, 1258, 1208, 1147, 1097, 1060, 1049, 1022, 
931, 887, 867, 832, 802, 785, 737, 649, 558, 492, and 419, in 
agreement with the previous rep01-t.~' Diffraction-quality 
single crystals were grown by slow cooling (82 - 30 "C, 97.5 
h)  of a saturated solution of l a  in 3:l vlv toluenelN,N- 
dimethylformamide. Well-formed tan reflective needles were 
isolated. 

Structure Determination of DCHBr4. Oscillation and 
Weissenberg photographs indicated the crystal selected to be 
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Table 2. Atomic Coordinates for C~d&"Br4a*b Table 1. Data for the X-ray Diffraction Study of 
CsoHlsNzBr4 

(A) Crystal Data at 2U1) "C 
crystal system: monoclinic 2 = 2  
space group: P21lc [C5&,; No. 141 
a = 15.408(5) A 
b = 4.120(1) 8, 
c = 20.032(6) 8, 
p = 95.72(3)" 
V = 1265.3(11) A3 

crystal size: 0.20 x 0.24 x 

formula wt : 724.11 
pealc = 1.900 g - ~ m - ~  
pobs = 1.90(1)" g - ~ m - ~  
p = 63.24 cm-' (Mo KE) 

cell constant determination: 12 pairs of f ( h k l )  and 
refined 28,w,x values in the range 25 5 1281 5 27" 

(1(Mo KE) = 0.71073 8,) 

0.42 mm 

(B) Measurement of Intensity Data 
radiation : Mo KE, graphite monochromator 
reflections measured: &h,+k,+l(3 5 28 5 53") 
scan type, speed: 8-28, vble, 2.93-5.33"Imin 
scan range: symmetrical, [1.6 + A(a2 - a1)l" 
no. of reflections measured: 3047; 2938 in unique set 
standard reflections, period: 70; 020; 24,0,0; 

absorption correction: empirical, normalized 
008 reflections; variation 5 f 3dZ) for each 

transmission factors 0.904-1.000; 114,406, 
0,2,11 reflections 

data reduction: as beforeb 
statistical information: R, = 0.013 (hkO reflections) 

(C) Refinement 
refinement: with 1570 data for which Z =- 1.96dZ) 
weighting of reflections: as before: p = 0.04 
solution: Patterson, difference-Fourier 
refinement:d full-matrix least-squares, with 

anisotropic displacement parameters for Br, N, and C atoms 
isotropic displacement parameters for k e d  H atoms 
secondary extinction parameter, 5.52(4) x 
R = 0.0469; R, = 0.0448; SDU = 1.39 
R (structure factor calcn with all 2938 reflections) = 0.114 

final difference map: 6 peaks, 0.38-0.45 e-/A3 near Br atoms, 
random peaks in range -0.25 to +0.37 e-IA3 

a Measured by neutral buoyancy in bromobenzene-chloroform. 
Foxman, B. M.; Goldberg, P. L.; Mazurek, H. Znorg. Chem. 1981, 

20, 4368; all computations in the present work were carried out 
using the Enraf-Nonius MolEN programs and the Oxford Univer- 
sity CRYSTALS package. Corfield, P. W. R.; Doedens, R. J.; Ibers, 
J. A. Znorg. Chem. 1967,6, 197. R, = CIZ - Zavlm, R = XilFol - 

IFc1I2/(rn - n))1'2, where m (=E701 is the number of observations 
I F c I l E l F o I ;  R w  = { X ~ [ l F o l  - IFc112E~I~0121y2; SDU = {X,~[ lFo l  - 

and n (=164jis the number of parameters. 

of excellent quality. It was then transferred to a Supper No. 
455 goniometer and optically centered on a Syntex P21 
difiactometer. Operations were performed as described previ- 
0us1y.~ The analytical scattering factors of Cromer and Waber 
were used; real and imaginary components of anomalous 
scattering were included in the calculations.1° Computational 
work was carried out using either the MolEN1la and CRYS- 
TALS-PC1lb software packages. Details of the structure 
analysis, in outline form, are presented in Table 1. As noted 
in Table 1, variation in the intensities of standard reflections 
was within statistical limits throughout the data collection (21 
(1) "C, 86 h). Atomic coordinates for all non-hydrogen atoms 
appear in Table 2. Selected bond distances and bond angles 
are given in Table 3. 

Thermal Polymerization of DCHBr4. (a) Heating at 
200-210 "C. In a typical experiment, DCHBr4 (110 mg) was 
placed in a tube and heated in a static argon atmosphere at 
200-210 "C for 240 h. After this heating, the material had 
turned dark violet. X-ray powder diffraction of this material 
revealed, in addition to all of the monomer reflections, new 
reflections, not found in the calculated powder pattern of the 
monomer, at 15.8,9.9,8.1, and 5.84 A. Extraction of this solid 
with hot toluene gave approximately 5 mg of material, which 
was not analyzed further. 
(b) Heating at 212 f 6 "C. In a typical experiment, 

DCHBr4 (100 mg) was heated under a static argon atmosphere 
in the dark at 212 & 6 "C for 448 h. In the course of the 
experiment, a white solid tinged with blue sublimed to the 

Br 1 0.29754(5) 0.2184(2) 0.56655(3) 5.25(2) 
Br2 -0.04972(4) 0.1978(2) 0.88039(3) 5.22(1) 
N 0.3065(2) 0.723(1) 0.8480(2) 2.86(9) 
c1 0.4730(3) 0.586(1) 0.9768(2) 3.0(1) 
c 2  0.4260(3) 0.732(1) 0.9369(2) 3.2(1) 
c 3  0.3674(3) 0.926(1) 0.8904(2) 3.5(1) 
c 4  0.3178(3) 0.620(1) 0.7830(2) 2.9(1) 
c5 0.3864(3) 0.671(1) 0.7448(3) 3.5(1) 
C6 0.3791(3) 0.553(1) 0.6802(3) 3.8(1) 
c 7  0.3051(4) 0.380(1) 0.6558(2) 3.4(1) 
C8 0.2373(3) 0.320(1) 0.6931(2) 3.0(1) 
c 9  0.2431(3) 0.445(1) 0.7581(2) 2.6(1) 
c 10 0.1848(3) 0.441(1) 0.8098(2) 2.7(1) 
c11 0.1015(3) 0.313(1) 0.8141(3) 3.3(1) 
c12 0.0644(3) 0.366(1) 0.8730(2) 3.5(1) 
C13 0.1053(4) 0.529(1) 0.9277(2) 3.9(1) 
C 14 0.1879(3) 0.660(1) 0.9240(2) 3.4(1) 
C 15 0.2266(3) 0.614(1) 0.8650(2) 2.7(1) 

a atoms refined using anisotropic displacement parameters are 
given in the form of the isotropic equivalent displacement param- 
eter defined as 1.33[a2&l + b2B22 + c2B33 + a b  cos yBlz + ac cos 
pB13 + bc cos aBZ3]. * Numbers in parentheses in this and following 
tables are estimated standard deviations in the least significant 
digit. 

Table 3. Bond Lengths (A) and Angles (deg) for 
C30HlSNzBr4 

atom 1 atom 2 distance atom 1 atom 2 distance 
Br 1 
Br2 
N 
N 
N 
c1 
c1 
c2 
c 4  
c4  
c 5  

atom 1 

c7 1.900(5) 
c12 1.910(5) 
c 3  1.464(6) 
c4  1.396(6) 
C15 1.384(6) 
c1 1.381(7) 
c2  1.187(7) 
c 3  1.466(7) 
c 5  1.382(7) 
c 9  1.408(7) 
C6 1.377(7) 

atom 2 atom 3 angle 

C6 
c7 
C8 
c9  
c10 
c 10 
c11 
c12 
C13 
C14 

c7 1.392(7) 
C8 1.367(7) 
c9 1.396(6) 
c 10 1.437(7) 
c11 1.398(7) 
C15 1.415(6) 
c12 1.379(7) 
C13 1.381(7) 
C14 1.391(8) 
C15 1.388(7) 

atom 1 atom 2 atom 3 angle 
C3 N C4 
C3 N C15 
C4 N C15 
c1 c1 c2 
c1 c2 c 3  
N C3 C2 
N C4 C5 
N C4 C9 
c 5  c4  c9  
C4 C5 C6 
C5 C6 C7 
Brl  C7 C6 
Brl  C7 C8 
C6 C7 C8 
C7 C8 C9 

125.6(4) C4 C9 
125.2(4) C4 C9 
109.2(4) C8 C9 
179.2(6) C9 C10 
176.9(5) C9 C10 
112.2(4) C11 C10 
130.1(4) C10 C11 
108.2(4) Br2 C12 
121.7(4) Br2 C12 
118.2(5) C11 C12 
119.9(5) C12 C13 
118.8(4) C13 C14 
118.2(4) N C15 
123.1(4) N C15 
117.5(4) C10 C15 

C8 
c10 
c10 
c11 
C15 
C15 
c12 
c11 
C13 
C13 
C14 
C15 
c10 
C14 
C 14 

119.6(4) 
107.3(4) 
133.0(4) 
133.7(4) 
106.8(4) 
119.5(4) 
116.9(4) 
118.1(4) 
117.8(4) 
124.1(5) 
119.6(5) 
117.8(4) 
108.5(4) 
129.3(4) 
122.2(4) 

cooler part  of the tube; the solid had mp 200-205 "C and was 
identified as 3,6-dibromocarbazole (lit.12 mp 212-213 "C) from 
its mass spectrum and thin-layer chromatogram. The dark 
violet residue, which largely retained the shape of the original 
crystals, was twice extracted with 10 mL portions of boiling 
toluene (2 h reflux for each) to give a residue of 30 mg. X-ray 
powder diffraction of the residue revealed a largely amorphous 
material with broad reflections at d = 13.9 and 9.7 A. The 
resonance Raman spectrum of this material exhibits shifts at 
2128, 1481, and 1464 cm-l. The FTIR spectrum of the 
material exhibited absorptions quite similar to those of 
DCHBr4 monomer. The elemental analysis of the dark violet 
material was as follows: Anal. Found: C, 56.90; H, 2.25; N, 
3.50; Br, 35.16. For a composition in which each DCHBr4 unit 
has lost a 3,6-dibromocarbazole moiety, the calculated analysis 
is as follows. Calcd for (C18HgNBr& C, 54.17; H, 2.27; N, 
3.51; Br, 40.05. 
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Table 4. Lattice Constants for Diacetvlene Monomers. 

51. 

Figure 1. Molecular structure and numbering of DCHBr*: 
anrsotropic displacement parameters are shown as 50% prob- 
ability ellipsoids 

Figure 2. Projection of DCHBrl showing molecules stacked 
along the crystallographic b axis. 

t o s  -- 

Figure 3. Projection of DCHBrh down the crystallographic b 
axis. 

Results and Discussion 
Crystal and Molecular Structure of DCZIBr4. 

Figure 1 shows the molecular structure of DCHBr4. 
Bond lengths and bond angles lie within the usual 
ranges for both diyne13 and carbaz01e'~J~ groups. Fig- 
ure 2 shows a projection of DCHBr4 along the b axis, 
and Figure 3 reveals an  ac projection of this monomer. 
The projection in Figure 2 reveals that the packing of 
DCHBr4 is not similar to that of DCH at room temper- 
ature, but rather to an unreactive low-temperature form 
of DCH.14 This is indicated by a comparison of the 
lattice constants given in Table 4. The b-axis lattice 
constants of DCHBr4 and the low-temperature DCH 
phase are similar. The presence of C-Br bonds in 
DCHBr4 accounts for the expansion of the lattice in 
DCHBri in the a and c directions. 

Crvstal Structure of DCHBrA and Solid-state 
Reackvity. The solid-state reactivity of diacetylene 

a All data in this table are from ref 14 except that of DCHBr4. 
All crystals are in space group FWe. 

monomers is typically7J discussed in terms of a mono- 
mer stacking distance d, an angle @ between the 
diacetylene rod and the stacking axis, and R, the 
distance between reacting atoms Ci and C4'. For the 
synthesis of high-quality PDA crystals: optimal values 
are d - 5 & @ - 45", and R < 4 A. The last criterion 
appears to be the critical one,' and among highly 
reactive diacetylenes, only DCH, which undergoes a 
phase transition in the course of polymerization, does 

~~ 

not fulfill the R < 4 A criterion. 
From the crvstal structure of DCHBra. d = 4.12 A, d . .  

= 59.3', and R" = 3.912 A. On the basis of the observed 
values of d and @,'sa DCHBr4 is expected and found to 
be significantly less reactive than DCH. While DCH is 
completely polymerized by 30-50 Mrad of 6oCo y-radia- 
tion,' DCHBr4 is recovered unchanged after such expo- 
sure. Further, while DCH is extensively polymerized 
by exposure to 370 nm light1$ a t  20 "C for 48 h under 
an argon atmosphere, DCHBr4 shows no evidence of 
reaction after similar treatment. DCH undergoes a 
single-crystal-monomer to polycrystdine-polymer trans- 
formation on heating at 100-120 oC.16 As will be 
described in detail below, DCHBr4 must be heated for 
extended periods above 200 "C to initiate significant 
thermal reaction. In this respect, the reactivity behav- 
ior of DCHBr4 is reminiscent of that of two other 
monomers which are structurally related to DCH, 
namely 1,6-di-(9'-anthryl)-2,4-hexadiyne (DAH, 3a) and 
1-(9'-anthryl)-6-(9'-carbazolylb2,4hexadiyne (ACH, 3b). 
The lattice constants14 of DAH and ACH are listed in 
Table 4. DAH and ACH are not reactive to high-energy 
radiation and can be polymerized with decomposition 
near their melting points.14 For example, heating of 
DAH leads to a dark brown undefined product, while 
heating of ACH at 250 "C for 2 h results in anisotropic 
blue-brown c~loration.'~ Further heating of ACH leads 
to a black undefined s~bstance. '~ Our compositional 
and structural characterization of the products of the 
thermal reaction of DCHBr4 is given below. 

3b, R = gcahazoyl (ACH) 

Differential Scanning Calorimetry and Thermo- 
gravimetric Analysis of DCH, DCHBr4, and DCH- 
Brs. As noted above, DCHBra is thermally less reactive 
than DCH. Hence, we deemed a comparative DSC- 
TGA study of these monomers and DCHBrs of interest. 
In DSC experiments carried out under an argon atmo- 
sphere at a heating rate of 10 "C/min, DCH, DCHBr4, 
and DCHBrs undergo exothermic processes a t  228.5, 
320.3, and 333.7 "C, respectively. For DCH and DCH- 
Br4, the temperatures of the DSC exotherms correlate 



Macromolecules, Vol. 28, No. 24, 1995 

100 

80-  
v 

E 
0 .- 

60-  

40- 

Solid-state Polymerization of DCHBr4 8145 

- 

I 4 200 400 600 800 1000 
Temperature ("C) 

Figure 4. Thermogravimetric analysis of DCH (-), DCHBr4 
(- - -), and DCHBr8 (-*-I. 

with the relative reactivity anticipated on the basis of 
structural considerations. The TGA experiments were 
carried out under argon at a heating rate of 10 "Clmin. 
DCH loses approximately two-thirds of its weight 
between 360 and 440 "C. In contrast to the behavior of 
DCH, DCHBr4 and DCHBr8 seem to lose weight in at 
least two stages. For example, DCHBr4 loses about 41% 
of its weight in the narrow temperature range 297- 
302.5 "C. We note that 3,6-dibromocarbazole has been 
isolated as a product of the thermal reaction of DCHBr4 
above 200 "C and that the loss of a dibromocarbazolyl 
moiety from DCHBr4 involves a weight loss of 44.5%. 
In the temperature range 310-340 "C, DCHBrs loses 
about 40% of its weight. The percentage weight loss of 
a tetrabromocarbazolyl group from the DCHBra mono- 
mer would be 46%. The TGA behavior of DCH, DCH- 
Br4, and DCHBrs is shown in Figure 4. 

Thermal Solid-state Polymerization of DCHBr4. 
In our initial characterization of DCHBr4 crystals, we 
found that heating them at 200-210 "C in a capillary 
tube in a melting point apparatus resulted in a pink 
coloration after about an hour. On continued heating, 
the crystals turned violet and opaque while retaining 
the shape of the original crystal. Additionally, thin 
films of DCHBr4 and DCHBre slowly turn red on 
heating at approximately 200 "C, and these materials 
may have application as thermochromic sensors in this 
temperature range. As these color changes are remi- 
niscent of those typically found for a diacetylene polym- 
erization, we set out to perform the thermal polymeri- 
zation on a macroscopic scale and to characterize the 
products of the process with respect to the degree of 
conversion of monomer to  polymer, evidence for the 
backbone structure of polymer formed, and the crystal- 
linity of the polymeric product. 

To obtain detectable conversion of monomer to poly- 
mer, it was necessary to heat the monomer at 210 f 10 
"C for at least 2 weeks. For example, heating at 200- 
210 "C for about 10 days gave significantly less than 
5% polymer, as determined after monomer extraction 
with hot toluene. Nevertheless, as noted above in the 
Experimental Section, the X-ray powder pattern of this 
material before extraction revealed several reflections 
not found in either the observed or calculated powder 
pattern of DCHBr4 and hence might be associated with 
a polymer chain in the monomer crystal or a modified 
monomer structure. In experiments carried out at 210 
"C and higher temperatures, a white solid with a bluish 
tinge sublimes to the space above the material undergo- 

2200 2100 2000 1900 1800 1700 1600 1500 1 

Raman Shlfi, cm-1 

Figure 5. Raman spectrum (632.8 nm excitation) of polym- 
erized DCHBr4. 

ing polymerization. As noted in the Experimental 
Section, this white solid was identified as 3,6-dibro- 
mocarbazole. Hence, in addition to polymerization, the 
thermal process leads to a decomposition. We are 
unable to specify whether this is a decomposition of 
DCHBr4 monomer or of the resultant polymer. We note 
that PDA-DCH undergoes thermal decomposition at 
temperatures above 360 0C,3cJ8 and carbazole and 
N-methylcarbazole were reportedla to be volatile prod- 
ucts of the decomposition. 

The polymer obtained on heating above 210 "C has a 
low crystallinity. If not carefully extracted with boiling 
toluene, as described in the Experimental Section, the 
X-ray powder diffi-action shows only the major reflec- 
tions of DCHBr4 monomer. 

Raman spectroscopy, especially resonance Raman 
spectroscopy, is a sensitive probe of PDA structure and 
properties, especially in samples less well-defined than 
completely polymerized single cry~ta1s.l~ Accordingly, 
using conditions previously reported,6b the spectrum of 
the polymer product was recorded on "needle" pieces of 
the dark violet polymer product. A Raman spectrum, 
observed on a weak luminescent background, was 
recorded and is displayed in Figure 5. As shown in 
Figure 5, relatively broad Raman-shifted lines are 
observed at 2128 cm-l (assigned to the normal mode 
associated with triple-bond stretching) and 1481 and 
1464 cm-l (in the region associated with the normal 
mode involving double-bond stretching). We note that 
the spectrum in Figure 5 in the region of double-bond 
stretching is clearly different from that observed6 for 
poly-DCH, which has gained 5-6 Br atoms per repeat 
unit. The broad feature in Figure 5 found at a shift of 
1550-1600 cm-l varies in intensity from sample to 
sample. In a sample which was heated to 230 "C, it 
was the only observable feature in the spectrum. The 
presence of these Raman-shifted lines associated with 
triple- and double-bond stretching is sufficient to  assign 
a PDA backbone as the structure of the polymeric 
product of DCHBr4 thermal reaction. It is not clear at 
present whether the two shifted lines at 1481 and 1464 
cm-l should be associated with a Fermi resonance, as 
in the case of poly-DCH,ls or whether they might be due 
to PDA chains in different environments. The latter 
situation might involve, for example, a PDA backbone 
with two dibromocarbazole side groups and a PDA 
backbone with only one such side group as a result of 
the thermal decomposition process described above. 
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