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Abstract

There are 25 space groups in the trigonal system. Eighteen out of them have a lattice letter P dis-
playing only hexagonal axes, whereas the remaining seven rhombohedral space groups R3(146),
R3(148), R32(155), R3m(160), R3c(161), R3m(166) and R3c(167) are described with two coordinate
systems, first with hexagonal axes having three lattice points (0, 0, 0), (2/3, 1/3, 1/3), (1/3, 2/3, 2/3) and
second with primitive thombohedral axes. In this paper, the space group R3c is discussed and the crystal
structure of a compound, tris(1,2,3,4-tetraphenylbuta-1,3-dienyl)cyclotriphosphazene, CgHgN;Ps,
belonging to the space group R3c is elucidated with both hexagonal and rthombohedral cells.
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Trigonal systemell B& 25f@l space groups # 18fH: hexagonal axes?hS et lattice
letter P2 FREIL, YA] E2] rhombohedral space groups R3(146), R3(148), R32(155),
R3m(160), R3c(161), R3m(166), R3c(167y= A A 37§29} lattice points (0, 0, 0), (2/3, 1/3, 1/3),
(1/3, 2/3, 2/3y% 2= hexagonal cell in obverse setting®} Z&] primitive rhombohedral cell®] F
7 E #RIY. & HRXANAE space group R3c(167)0ll Hdke] 3t # o] space groupol] B3t
1A uis(1,2,3,4-tetraphenylbuta-1,3-dienyl)cyclotriphosphazene,  CgHe N,P,2l  #&ES
hexagonal & rhombohedral cell &} &0 2 HiAgsle] BEF}g e}

(1) R3¢(R)

Space group R3¢ Laue group 3m2] m {C& ]
c-glide planes X A3 primitive latticeS- 2}v] &}
= RE £<l Aok, WebA Space group R3c(R)
+= Laue point group 3mell B3I},

R3¢(R) ) full symbol-& R32/ce]t}. &d7]A] 3=
[111] 8822 Q)T c-glide plane-& [110] ¥-3ko)

e o] glide vector: [111] ¥3FS w2= 1/
2(2 + b+ 2)015’- 2-fold rotation symmetry: z =
14914 [110) Himel et

Rhombohedral cell & hexagonal cell in obverse
setting f§ 18]35 rhombohedral cell ¥ hexagonal
cell in reverse setting 1] @l 3! BEAEMIR matrix
= Table 1 ¥ 29} 3},
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Table 1. Rhombohedral cel5} hexagonal cell in obverse settingflie} ki X MEHS# matrix M2} (M)

rhombohedralo] A1 hexagonal

s AR .
cell in obverse setting2=2.2] B matrix

hexagonal cell in obverse

RLy L} .
setting®A] rhombohedral=.9] PR matrix

d 19771
axes transformation matrix M M axes transformation matrix M’ (M1]
1-10 1 2-1-1 2 11 101
01 -1 3 11 -2 30 -1 11 -1 11
111 111 -1-21 0-11

Table 2. Rhombohedral cell#} hexagonal cell in reverse settingfii] #ii 3 MM matrix M9} (M']"

rhombohedralell4] hexagonal FEREAENE matrix

PEFESSR matrix

hexagonal cell in reverse setting

cell in reverse setting.2.2.2] M oj|A} rhombohedral®.2] axes M
axes transformation matrix M transformation matrix M
1 0-1 | 1 1-2 1 -11 1 -11
-110 3 -12 -1 3 1 21 011
111 1 11 -2 -11 -1 0 i

(1-1) R3¢c/2(R)2 general coordinates®| %M (7) (10)

(1-1-1) Rhombohedral®} body-diagonal& w2 [0 1 0] [—»] [12] [=]+[12
MM o) 6] HF7F dolxlet General | | 00 ‘ZlJf 1/2]= N+ ”2]
coordinates 2] $Jol] %= A (n : integer) = IT 00 11 =l L2l Il
Vol. Adl| Sl FEARS] &ifolct.” (8) &)

ro 1 0] [-=z] [12 [—x)+[1/2]
M ® G D @ O 10 0| |=x|+{12]=|=<l|12

0 0-1 2] -] [x] L0 0 1) L=yl (/2] L=yi+l1/2]
-10 0 -x|=]z x|=|-zl=]y
WS PREHEEEE  e

(1-1-2) A7) 670 FFE| c-glide plane/[110] S
zabshe Ui 6709] i} et

(1 (10)
o1 0] [x} [12) [yl+[1/2]
10 0 |yl+i12]|=|x+|12
L0 0 1] Lzl 11/2] (z}+11/2]
(2) (1h
[x + 1/2]

(o1 0] [z] [172]
0 x|+ |12 ]=|z+ 12
00 1] [yl 1721 Ly + 1/2]

(3) (12)

01 0) [y] [12] [z+ 122
100] |z]+]12]=]y+ 12
00 1] [x] L

x+ 1/2

100 -z |+ 112 =1~y +1/2

01 0] [-] [12) [=z)+[172]

+

L0 0 1] l=x] [12] [=]+lin
(1-1-3) 2/{110] at z = 1/4-& &3} 7o [il—

3 S fHetne Fu s

(N (6)

[0-10] [x] [172] [-y]+[12
—100] y| +|12]=|=x|+]12
Lo 0-1] [z] (12} l-zl+1172]
(2) (5)
[0-10] [z] [12] [-x]+[1/2]
—100} x|l +12) =] —z|+|12
0 0-1 Lyl l12]

~v]+11/2 ]

(1-2) Structure Factor”
ol A} - 121F FEAE: +

lx, 2, 9,2 %2 X,
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VIR 4y 12+ 12+ 12+ 12+ 12+
x 12 +x 12 + z, 172 + yiE structure factor X
ol fLAF R3c(R)] structure factor & T2
3} 2

A= 4{cosn[(h +kY(x+y)+20z+ hk+ l}

2

cosn[(h Ck)(x—y) kS l]

2

+cosmi(k+)(x+y)+2hz+

h+k+l}
2

h+k+q
2

+ cosT (l+h)(x+y)+2kz+h+k+l}

cosm| (I -h)(x—y )—

[

cosn (k=)(x~) -
[
[

k+l}
2

B=0

(1-3) Reflection conditions"”
(1-3-1) (hhl) : 1 = 2n

A= 4{cosn[2h(x +y)+2z+ 2h2+ l]

cosn[—Zh + l]
2

+ cosn[(h +D(x+y)+2hz+

2h+lJ
2

cosn[(h “Dx—y)— 2”; ’J

+ cosn[(l +h)(x+y)+2hz+

2h2+ 1} }

2h+l]
2

cosn[(l ~h)(x-y)~

(1-3-2) (hhh) : h = 2n

A= 4{coqn[2h(x +y)+2iz+ 32—h]cosn[—32hJ

+ cosn[Zh(x +y)+2hz+ —Jcosn[——z—}

+ cosnPh(x +y)+2hz+ —]cosn[ %J}

(1-4) Patterson function®
Heavy atom methodell AH&-5+= ‘:}—‘-4 Patter-
son function®l] & X

oo

Puvw) = 3 3 [FCRRDI cos2m(hu+ kv + w)

hkl=—oo

phaseS- ¢ 5= ¢l (F(hkhI7}H fERS S

Point group 3m(R) oA ©-&-2l intensity &7
7} A ¥ g

|F(hkD)| =|F(RRD)| # | F(RKD)| # [F(hkD)| # |[F(hKD)
o] & SiAldl] f: A3} Patterson function< =7}
Eig=3

i [IF(hkD cos2f(hu + kv + Iw)

hkli=0

P(uvw) = 2

+ |[F(hkD)| cos2m(~hu + kv + Iw)
+ |F(hkD)|*cos2m(hu~kv + Iw)
+ |[F(hkD) cos2m(Ihx + ky-Iz) }

o] R-& space group No. 2, P19] electron density
R B3P unit cell &) 2ol )3l =T B
(u, v, w) 5 1703 0.0~0.57}A] 18] =] 27
£ 0.0~LO7FA 7} SRR R L o] v}

(1-5) Electron Density Equation”

0 o0 o

p(XYZ)=Z ZZZ{F(hkz)coszn(hx +kY +12)

0
+ F(hkl)cos2m(—-hX + kY + 1Z)
+ F(hkl)cos2m(hX-kY + 1Z)
+ F(hkl)cos2m(hX + ky—1Z)

(2) R3c(H)(167)

Laue group 3m< rhombohedral lattice 25+ o]
2} hexagonal lattice | = *|8-¥]3+=4] hexagonal
lattice | M= oHA] 2482 Y1 mirror plane
Kol [100] Wake g W 3ml o], mirror
plane®] Ffe] 2101 &3 v 31m=2 Heh?

Space group R3c(H)*= Laue group 3m 2] m¥) 4l
o c-glide plane & Y&k Aol lattice letter RE
Hol 722 34fe) lattice points (0, 0, 0), (2/3, 1/3,
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1/3), (1/3, 2/3, 2/3Y5 %+ hexagonal cell®] o}

w}e}r] Space group R3c(H)®] point group2
3ml1o]™ Patterson symmetry= P3m1o|o]o} &hc},

R3c(H)$] full symbol-2 R32/celc}. 61714 3%
[001] ¥}3EL. 2 Q)L c-glide plane- [100] Hlkel]
2l 2-fold symmetry ¥ z = 1/4 | A [100] Fia)
o 3=

(2-1) Rhombohedral celi® hexagonal cell22]
L ]

Rhombohedral cell & triple hexagonal cell in
obverse setting 22.2] transformation> t-&-7e]
Table 19] matrix M& AR8-3le} =3 3 4= Qi)

hex rhomb

2 > 2

A, 1-10 a, a~a

2 > >
4)2 = 0 1 -1|= a, = az; —as
C 111 a, 21] + 32 + 33

(2-2) Hexagonal cellA0i 2= 3@ lattice point
=y

Rhombohedral cell & ©]-& 87l lattice point &5
Table 19 2= M7l fX A%} hexagonal cell
A2 lattice pointS- Q+=v}.

9

- ETE - BITHE - KRS - TREMKR

Rl

J2-1-11) [2/3-1/3] [1/3
311 1 =2||o|=|1/3-2/3|=|-1/3
11 ) ti3+173) [ 273
f2-1 -1Yol [-1/3-1/3] [-2/3
3|11 =21=] 1/3-2/3 |=|-1/3
11 10t Li3+1/73) 1273
21 11} [2/3-1/3-1/3] [o
311 20 1[5]1/3+1/3-2/3=10
11 1 izer3+173) 1t

Rhombohedral cellS hexagonal cell® ¥ 2slH
unit cell Aol 3712] lattice point (0, 0, 0), (2/3, 1/3,
13), (1/3, 2/3, 2/3)E 7zt triple hexagonal cell ©]
ot

(2-3) R3c/2(H)2] general coordinates®| 5%
(2-3-1) 3/[001] 2-23¥] 39 67) #E7} o
o} =
1B @ @) &)

)
01 Ofx -y —x X—y
-1~-1 Olly|l=[=x+y =[-y = = X
0 0 -1)iz -z e -z
(2-3-2) EiC 6/E FEAE c/[100] 5 #iEste

A 59 6ff EEE et
N (I

3

-x+Yy
= —x

4

@
-y
x-y
4

2 -1 -1)fo] [0
211 1 =2|lof=[0
L1 1 1}0f L0
1’2_1—1’1 2/3
3111 =2flo]=1/3
L1 1 1ol (1/3
21 ~1[o] [-1/3
311 =2f1=| 173
11 1/lo] [1/3]
[2 21 —1}0] [-1/3]
211 1 =2{ol=]~2/3
11 1l L3
J2-1-1 [1 2/3-1/3] [1/3
311 =2f1]=11/3+1/3|=(2/3
111 {0 1/3+1/3] 12/3

-11 0 X 0 X+ Yy
lO 10 yi+ 0 |= y
001 z 172 z+ 172

(2) (12)
-11 —-x 0] x ]
[0 10 [x—y +| 0 =[ xX=y
00 2z 172] lz+ 12

3) (10)
-11 X +y 0] -~y ]
lO 1 [ —x l+ 0 |=f —x
00 Z 172 {z+ 12

(N )
-110 -x 0 X -y
HENERRER
001 -z 12 -z + 12
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o O

|
—_

(=]
O = =

- O O

|

®)
y

X +y

-2

9 4
-y 0 y

+| 0 |= x
— 121 |-z + 122

(2-3-3) 2//[100] at z = 1/4 22 ¥ ¥ )&=} 7

<+

0
0
172

o) [ EEmSe] Pl A,
8y

0
0

[1-10
0-10

O—IJ

L0 0 -1

2o 1218 HEAE £ &ol lattice point (0, 0, 0), (2/3,
173, 1/3), (1/3, 273, 2/3) & misld =%
17} doizln.

X

y
I.Z

—_—

) B

2

0
0
1/2

[ 0

_-yHUJ

O ]
[1/2

172

oy ] { 0
x+yl+| 0
-z L1/2
(10)
-y [0
[ -X +| 0
z+ 12) {112

(2-4) Structure Factor”

Hexagonal coordinates ¢ (0, 0, 0; 1/3, 2/3, 2/3;

(6)

—X

X +y

-2+ 172

)

X -
—X

-z + 12

{—z + 172

y

(6)
=X
X +y

C))
y
X

|

-z + 12

11

—x+y

zZ+

i

1/2

(12)
X
X-y
z+ 12

)

|

361H] AR

2/3, 1/3, 1/3) £lx, v, 2, y, x— Y 2,y — X,
v, X, % x~Y 2y —x Y z|= structure factor
Kol fLASE R3c(H) 2 structure factor R o}

&3t 2o

A= 4(1 + 2cos2nit——k+l)

3
{cosn[(h —K)(x—y) + 2z + é}
cosn{i(x +y)+ é}

+ cosn] (k- i)(x-3) + 21z + 7
cosn:h(x +y)+ ﬂ

+ cost| (i — h)(x —y) + 2z + ﬁ

r I
COST _k(x +y)+ ﬂ }

B=0

(2-5) Reflection conditions®
(2-5-1) (kD) : =h + k + 1 = 3n
(2-5-2) (hhD) : 1 # 3n

(2-5-3) (hhl) : h+ 1=3n,1=2n

A= 4(1 + 2cos21t_h—k+ l)

3
{cosn[(h +h)(-y) 422+ 5]
coswi(x+7) +]

¢ cost[(h-0)(x-) 22+ ]

cosn[h(x+y)+£|

[

+ cosm| (0 —h)(x— y)+211+ﬂ

cosn[k(x +y)+ é]}
(2-5-4) (001) : I =6n
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(2-6) Patterson function”
Heavy atom method o] A5 ©}-&-9] Patter-

son function®l| =

Puvw) = ‘1/ Y |F(hkD)|*cos2m(hu + kv + Iw)

hkl=—so

phaseZ & 5= gl IF(hkDI7} HEHE O}
Point group 3ml A= o+&-2] intensity 24| 7}
SRS
|\F(hkD)| =|F(hkD)| # | F(Rk)|
# |F(hkD)| #|F(hkD)| # | F(hkD)|

o]E 4 Rl A3} Patterson functionS =+
I 7o}

P(uvw) = %/ Y |F(hkD)*cos2m(hu + kv + Iw)

hkli=0

+ |[F(hkD)| cos2m(—hu + kv + Iw)
+ |F(hkD|  cos2m(hu—kv + Iw)

- RLE - BOTHE - FRT - TRAM

SR B LR

+ |F(hkD)| cos2m(hx + ky-12)
o] - space group No. 2, P12} electron density
R} ISP unit cell®] 4ol svdsl= EE &l
(u, v, w) I U= 0.0~0.571A] 2]l =] 27)
= 0.0~1.07FA]9ke] JEEFEEfr o] o}

(3) R3c(H)2| %p

3} compound tris(1,2,3,4-tetraphenylbuta-1,3-dienyl)
cyclotriphosphazene, CgH NP, &) +%2F 93 2
3} 1.9 crystallographic datat Table 33} Z o} .
TFEM 2 729 U= SHELX97T 2 43
&tsict.
3 59 1/6 ¢l asymmetric unit C,,H,;N,Pys 2
3kTCHIEE7} Fig. 1°l™ 6709 asymmetric unit
7} 2o o] 794l & 512 &7} Fig. 20}

R3c(H)ol= Z = 36°|7], asymmetric unitiyell 3l
* nitrogen & phosphorus 7} special position ¢l i
&3} gle] N-P groupe] 6707} Re 3l
cyclotriphosphazene ring & ©] 522, 6712 asym-

Table 3. Crystal data and structure refinement for CyH,N;P, with R3¢ (H)

Empirical formula

C]4H10N0.5P0.5

Formula weight 200.71
Temperature 293(2) K
Wavelength 0.71073

Crystal system, space group
Unit cell dimensions

Trigonal, R3c(H) (167) )
a = b = 19.0620(9), ¢ = 30.5790(14) A,

=B =90°y=120°, V= 9622.4(6) A’

Z, Calculated density
Absorption coefficient g

Crystal size

0 range for data collection
Limiting indices
Reflections collected/unique
Completeness to 0 = 28.32°
Max. and min. transmission
Refinement method
Data/restraints/parameters

36, 1.247 Mg/m’

0.143 mm™

F(000) 3780

0.23 x 0.23 x 0.17 mm

1.82 to 28.32°

22 <=h<=25-25<=k<=15 -40<=1<=35
16415/2524 [R(int) = 0.1785]
94.4%

0.9761 and 0.9676
Full-matrix least-squares on F°
2524/0/147

Goodness-of-fit on F?
Final R indices [1 > 20(])]
R indices (all data)
Largest diff. peak and hole

0.877
R1 = 0.0736, wR2 = 0.1605
R1 = 0.1397, wR2 = 0.1876
0.419 and -0.312 eA~

where R1 = Y ||F| - |F ]|/ Y |F.)

wR2 = { Y [w(F. - F)' 1/ Y Iw(Fy' 1y



Fig. 1. ORTEP diagram showing the structure of c1ac S cse co
an asymmetric unit, C;;H;\N,:P,s, with labelling of i A N\
the atoms and displacement ellipsoids at the 30% (‘13 PPege  adkd N .
probability level. L T
c12C11 c1i¥ D
clz

metric unit7} 244 3 FY 5FE o] unit Fig. 2. A molecular structure of tris(1,2,3,4-tetra-
phenylbuta-1,3-dienyl)cyclotriphosphazene,

Celloﬂ‘f‘j‘ 64@ %%7]' 9\1‘;]’ C84H60N3P3'
@) R3c(R)(167)2] R 19.062009), ¢ = 30.5790(14) A, oo = B = 90°, y =
(4-1) Hexagonal unit cell dimensions a = b =  120°, V = 9622.4(6) A>S 13 M9] inverse matrix

Table 4. Crystal data and structure refinement for CgHgN;P, with R3¢ (R)

Empirical formula C,H Ny sPqs

Formula weight 200.71

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system, space group Trigonal, R3c¢(R)

Unit cell dimensions a=bh=c=1500055) A
o=p=1y=78.8953)

Volume 3207.46(19) A’

7, Calculated density 12, 0.208 Mg/m’

Absorption coefficient p 0.024 mm™'

F(000) 210

Crystal size 0.23 x 0.23 x 0.17

0 range for data collection 1.82 to 28.32°

Limiting indices —“19<=h<=19, -19 <=k <= 13, -19 <=1 <= 20

Reflections collected/unique 16415/2524 [R(int) = 0.1785]

Completeness to 6 = 28.32 94.4%

Refinement method Full-matrix least-squares on F°

Data/restraints/parameters 2524/0/137

Goodness-of-fit on F’ 0.702

Final R indices [I > 20(D)] R1 = 0.0747, wR2 = 0.1722

R indices (all data) R1 = 0.1389, wR2 = 0.2178

Largest diff. peak and hole 0.337 and —0.316 eA”
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Table 6. Bond lengths [A] and angles [°] for
| 2t CoH NP,
1 ot = =
ol M = 3 -1 11 o]-8-}o] rhombohedral PN 1.6007(15)
-1-21 P-N#1 1.6007(15)
cel,l a = b =c = 1500055 A, oo = B =y = l‘::gg;” }ﬁiﬁgi
78.895(3)°, V = 3207.5(2) A= transform3}]c}h® N-P#3 1:6007(15)
(4-2) Hexagonal cell M9 YAHAREL trans- C(H)-C2) 1.339(4)
formation matrix = [[M '] AF&-3led rhombohe- gg;:gg; }jgég:;
dral cell 2] Az HRZ W fslg]c}” C(2)-C#2 1.502(6)
(4-3) Hexagonal cell®] intensity data™ trans- gg;‘gg; }g;gg;
Jo2 CA)-C(5) 1:386(5)
. . 1 = N C(5)-Ci6) 1.387(6)
formation matrix¢] M = 3 -1 11 2 o]&s} C6)-CT) 1.352(6)
-1-21 C(7)-C(8) 1.389(5)
-C(10 1.392(5
o] ¥ 33t 1% rhombohedral cell ®] intensity & - ggg-cgl 4; 1-3858
ZE refine 8 # %9 crystallographic data: Table C(10)-C(11) 1.361(6)
Y C(11)-C(12) 1.355(8)
45, 6% 2 C(12)-C(13) 1.379(8)
Rhombohedral cell 9] [111] ¥W}gko g K 3} Bz} 2(11:’31)\351(14) }'1359‘;(76()19)
¢ FTEx Fig. 3% 2 N-P-C(1)#2 112.42(11)
R3cR)oll= Z = 1299 670 asymmetric unit 7} N#1-P-C(1)#2 111.19(10)
To] 8 EAE o] R Z Fig 304 Rl wpe} 2 g;;'_gfg(l) i};}ég‘l’;
o} unit cell el 270 #a7}h Qlet. o371 670 C(1#2-P-C(1) 91.19(17)
symmetry 2 ¥ H 752 T FEsl & 4 P-N-P#3 124.13(19)
TEUE 20 symmery b Al (R CQCDCO) m20)
. . . . C(3)-C(1)-P 126.7(2)
Table 5. Atomic coordinates (x 10%) and equivalent C(1)-C(2)-C(9) 125.3(3)
isotropic displacement parameters (A> x 10°) for CU1)-C(2)-C22 1 4:37(16)
CyHN;P;. Uleq) is defined as one third of the C(9)-C(2)-C(2)#2 120.37(16)
trace of the orthogonalized U, tensor C(8)-C(3)-C(4) 119:3(3)
X y z U(eq) C(8)-C(3)-C(D 119.8(3)
P 8357(1) 7500 6643(1)  49(1) ggggg;gg; 33138;
N 8322(2)  6678(2) 7500 53(1) C(6)-C(5)-C(4) 119.8(4)
c) 8607(2)  7061(2) 5554(2)  53(1) C(5)-C(6)-C(T) 120.003)
cR) 0424(2)  7249(2)  5090(2)  54(1) C(6)-C(7)-C8) 121.0(4)
c@3) 8022(2)  6546(2) 5209(2)  57(1) C(3)-C(8)-C(T) 119.803)
Cc4) 7849(2)  6780(2)  4306(2)  70(1) C(10)-C(9)-C(14) 118.7(3)
C(5) 7411(3)  6223(3) 3956(3)  88(1) C(10)-C(9)-C(2) 120.8(3)
C(6) 7138(3)  5437(3)  4508(3)  95(1) C(14)-C(9)-C(2) 120.5(3)
C() 7290(3)  5222(3)  5390(3) 94(1) C(11)-C(10)-C(9) 120.9(4)
C(8) 7734(2)  5769(2)  5751(2) 71(D) C(12)-C(11)-C(10) 120.3(5)
c© 9854(2) 6996(2) 4176(2)  60(1) C(11)-C(12)-C(13) 120.8(4)
C(10) 10118(2) 7664(3) 3440(2)  76(1) C(12)-C(13)-C(14) 119.4(5)
C(11)  10503(3)  7436(5) 2599(3)  103(2) C(9)-C(14)-C(13) 119.8(4)

C(12) 10633(3)  6550(6) 2463(3) 117(2)

Symmetry transformations used to generate equivalent
atoms: #1 z, x, y #2 —z + 3/2, =y + 3/2, —x + 3/2 #3
¥z X

C(13) 10394(3) 5863(4) 3175(3) 105(2)
C(14) 9990(3)  6090(3)  4037(3) 81(1)
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Fig. 4. There are two molecules in a rhombohderal
unit cell.



