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Synthesis, Crystal Structure and Low-temperature Heat Capacities of
Bis(n-undecylammonium)tetrachlorocadmiumate

Lu, Dongfei  Di, Youying®  Dou, Jianmin
(Shandong Provincial Key Laboratory of Chemical Energy Storage and Novel Cell Technology, College of Chemistry and
Chemical Engineering, Liaocheng University, Liaocheng 252059)

Abstract The crystalline bis(n-undecylammonium)tetrachlorocadmiumate (C;;H,3NH;3),CdCl,(s) [abbre-
viated as C;;Cd(s)] was synthesized. The crystal structure and composition of the complex were determined
by single crystal X-ray diffraction, chemical analysis and elementary analysis. The lattice potential energy
was calculated to be Upor=908.18 kJemol ' from crystallographic data. Low-temperature heat capacities of
the complex were measured by a precision automatic adiabatic calorimeter over the temperature range from
78 to 395 K. The experimental results show that there are two continuous phase changes appearing in the
temperature region. The peak temperatures, molar enthalpies and entropies of two phase transitions for the
complex were determined to be: Tys1=(321.88%£0.07) K, AysHm1=(37.59%0.17) kJemol ! and Ay.S, m1 =
(117.24%+0.12) JK “lemol ™! for the first peak Tis»=1(323.8110.30) K, AyHm,=1(12.42+0.02) kJe
mol " and AugSin>=(38.36£0.09) J*K 'emol ' for the second peak. Two polynomial equations of the heat
capacities as a function of the temperature were fitted by least square method. The smoothed heat capacities
and thermodynamic functions relative to 298.15 K of the complex were calculated with an interval of 5 K
based on the fitted polynomials.
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Figure 1 Molecular structure of the complex C;;Cd(s)
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Figure 2 Packing structures of the complex C;;Cd(s)

(a) viewing along b-axis; (b) viewing along c-axis
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Table 1 Crystal data and structure refinement for the complex

C11Cd(s)

Empirical formula
Formula weight

T/K

Amm

Crystal system

Space group

a/nm

b/nm

c/nm

/(%)

PIC)

(%)

V/nm®

Z, pl(geem ™)

Absorption coefficient/mm '
F(000)

Crystal size/mm’

Theta range for data collec-
tion/(°)

Limiting indices
Reflections collected/unique

[R(int)]
Completeness to §=24.99°

Absorption correction

max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*

R, WwR, [I>20(1)]

Ry, wR, (all data)

Largest diff. peak and

hole/(esnm>)

(C11H33NH3),CdCly
598.86

298(2)

0.071073
Monoclinic

C2/c

5.516(3)
0.7519(4)
0.7326(4)

90

91.407(10)

90

3.038(3)

4,1.309

1.082

1256
0.48X0.47X0.44

2.73~25.02

—60<<h<<65, —8<<k<S,
—T<I<8

(7170/2676) (0.0706)

99.7%

Semi-empirical from equiva-
lents

0.6475, 0.6247

Full-matrix least-squares on F~
2676/326/218

1.260

0.0538, 0.1373

0.0659, 0.1432

701, —900

(M,X), fiFgARERT LR N4 % 5 FE(Bq. b3k

ﬁ[lﬂ.

Upor= V(P/Mm )1/3 +0

)

HoAr 5 $y=28375.6 kJemol 'ecm, §=—178.8 kJemol '®].
B p(HAT geom ) RIEE K S bt Mi(FA gemol ™) ] A&
2 ARG AR R TR, p=1.309 geem 1 M, =
598.86 gemol . 14 Eq. 1 T3 2L AR S ks BE
M Upor=908.18 kJemol .
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Table 2 Selected bond lengths (in nm) for the complex C;;Cd(s)

Cd(1)—Cl1Q)* 0.2556(2) CI(1)’>—Cd(1)—CI(1)° 18.000(7)
Cd(1)—CI(2) 0.2556(2) CI(2)*—Cd(1)—CI(1)* 8.844(5)
Cd(1)—CI(1y 0.26475(17) CI(2)—Cd(1)—CI(1)* 9.156(5)
Cd()—CI(1)* 0.26475(17) CI(1)>—Cd(1)—CI(1)* 8.766(4)
Cd(1)—CI(1)* 0.26661(17) CI(D)*—Cd(1)—CI(1)* 9.234(4)
Cd(1)—CI(1) 0.26661(17) CI(2)*—Cd(1)—CI(1) 9.156(5)
CI(1)—Cd(1)* 0.26475(17) Cl(2)—Cd(1)—CI(1) 8.844(5)
CI(2)*—Cd(1)—CI(2) 18.0000(11) CI(1)’—Cd(1)—CI(1) 9.234(4)
Cl(2)*—Cd(1)—CI(1) 9.055(5) CI(1)“—Cd(1)—CI(1) 8.766(4)
Cl(2)—Cd(1)—CI(1)? 8.945(5) CI(1)*—Cd(1)—CI(1) 18.000(8)
CI(2)*—Cd(1)—CI(1)* 8.945(5) Cd(1)*—CI(1)—Cd(1) 16.215(7)
Cl(2)—Cd(1)—CI(1)* 9.055(5)
Symmetry codes: (a) —x+1/2, —y+3/2, —z;(b) —x+1/2,y—1/2, —z+1/2;(c)x, —y+2,z—1/2;(d) —x+1/2,y+1/2, —z+1/2.
£ 3 HCEY) CCd(s) IS B FIEE A
Table 3 Hydrogen bond lengths and bond angles for the complex C;;Cd(s)

D—H:--A L(D—H)/nm L(H:--A)/nm L(D+--A)/nm ~DHA/(°)
N(1)—H(1A)-:-C1(2)° 0.89 2.59 3.393(7) 150.2
N(I)—H(1A)-+-CI(1)* 0.89 2.88 3.484(6) 126.4
N(1)—H(1B)-*-CI(1) 0.89 247 3.287(6) 152.5
N(1)—H(1C)---CI(2)* 0.89 232 3.206(6) 170.5

D: donor atom, A: acceptor atom; symmetry transformation: (e) x, —y+1,z+1/2, —z+1/2; () x,y—1,z+1;(g) x, y,z+ 1.
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Figure 3 Curves of experimental molar heat capacities of the
complex C;Cd(s)

“o”, “/\” and “¥¢” denote the first, second and third series of measurements,

respectively
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Horb 1=329 K, T,=395 K, Eq. 3 (&% 25 R =
0.99982.
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Table 4 Experimental molar heat capacities of the complex C;;Cd(s)

T/K C,,/(JK 'emol ") T/K C,,/JK 'smol ") T/K C,,/(JK 'emol ")
78.8120 276.202 193.840 666.534 303.127 1045.46
80.3826 282.701 195.903 671.783 305.163 1078.98
82.8099 288.700 197.911 679.531 307.199 1114.54
84.6661 294.948 199.941 686.405 309.210 1164.00
87.0934 301.947 202.150 692.067 311.190 1220.82
89.2352 308.696 204.162 698.478 313.210 1296.96
91.3770 316.445 206.175 704.721 315.250 1404.43
93.6615 323.443 208.384 712.144 317.230 1575.54
95.8032 330.692 210.396 717.712 319.140 2021.98
97.5166 337.191 212.457 724.123 320.760 4474.35
99.9440 342.940 214.470 730.704 321.670 12837.6
102.371 350.689 216.482 736.946 321.950 89646.2
104.656 357.937 218.347 742.851 322.010 154686
107.083 365.936 220.409 750.106 322.090 51172.5
109.368 373.185 222.274 756.687 322.610 3581.21
111.509 381.183 224.286 763.267 323.700 4176.42
113.794 388.182 226.347 769.847 324.380 21184.2
115.936 397.431 228.360 775.583 325.370 1569.02
118.077 404.929 230.372 781.995 327.180 1017.53
120.219 411.928 232.434 788.575 329.104 1013.93
122.361 418.927 234.299 795.324 331.027 1014.63
124.503 425.676 236.164 801.060 333.023 1015.39
126.502 432.924 238.225 807.640 334.946 1016.26
128.643 438.673 240.385 813.208 336.868 1017.43
130.642 446.672 242.397 819.619 338.791 1018.04
132.499 452.171 244311 826.874 340.713 1019.18
134.498 459.170 246.324 833.117 342.710 1020.44
136.497 466.419 248.336 839.360 344.632 1021.23
138.353 473917 250.250 844.927 346.555 1022.19
140.352 480.916 252.423 851.153 348.478 1023.56
142.493 487.915 254.419 857.460 350.474 1024.88
144.207 494.414 256.638 864.117 352.397 1025.99
146.491 501.412 258.856 871.474 354319 1027.01
149.347 509.411 260.705 877.314 356.242 1028.53
151.489 517.410 262.849 884.788 358.238 1030.01
153.631 525.158 264.920 891.212 360.161 1031.36
156.915 533.907 267.212 899.737 362.084 1032.44
160.199 543.905 269.282 906.044 364.006 1033.75
163.768 553.153 271.427 913.752 366.003 1035.15
166.053 564.401 273.645 922.394 367.925 1036.15
168.766 575.399 275.642 928.117 369.922 1037.49
171.478 584.398 277.860 935.007 371.992 1038.86
174.477 595.646 279.930 940.964 374.137 1040.15
176.333 604.144 281.927 947.036 376.207 1041.61
178.332 610.393 284.145 953.577 378.278 1043.12
180.331 618.642 285.994 959.299 380.422 1044.58
182.330 625.641 288.212 965.489 382.492 1046.16
182.330 625.641 290.209 972.847 384.637 1047.42
184.186 632.639 292.205 979.153 386.633 1048.85
186.199 640.538 294.276 987.562 389.813 1050.57
188.095 647.287 296.272 996.788 392.993 1052.79
189.947 652.567 299.082 1008.82 394.989 1054.77
191.999 659.535 301.066 1021.75
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Table 5 Smoothed molar heat capacities and thermodynamic functions for C,;Cd(s)

T/K Cp,m/(J'Kfl'morl) (Hr—Hos.15 K)/(kJ-molfl) (St—Sa08.15 K)/(J'Kfl'morl) (Gr—Gags1s K)/(kJ-molfl)
80 282911 —140.177 —743.269 —80.7158
85 295.538 —138.732 —725.753 —77.0433
90 309.926 —137.219 —708.447 —73.4593
95 325.566 —135.631 —691.264 —69.9613
100 342.049 —133.963 —674.147 —66.5481
105 359.056 —132.210 —657.055 —63.2195
110 376.344 —130.372 —639.965 —59.9758
115 393.736 —128.447 —622.866 —56.8173
120 411.111 —126.435 —605.753 —53.7444
125 428.396 —124.336 —588.628 —50.7576
130 445.552 —122.151 —571.493 —47.8570
135 462.571 —119.881 —554.356 —45.0427
140 479.467 —117.526 —537.222 —42.3147
145 496.269 —115.086 —520.094 —39.6726
150 513.014 —112.563 —502.978 —37.1164
155 529.743 —109.956 —485.875 —34.6456
160 546.498 —107.266 —468.785 —32.2600
165 563.314 —104.491 —451.707 —29.9594
170 580.218 —101.632 —434.639 —27.7437
175 597.230 —98.6888 —417.578 —25.6127
180 614.353 —95.6599 —400.518 —23.5666
185 631.581 —92.5451 —383.458 —21.6054
190 648.893 —89.3439 —366.393 —19.7292
195 666.256 —86.0561 —349.321 —17.9384
200 683.622 —82.6814 —332.241 —16.2332
205 700.938 —79.2199 —315.152 —14.6137
210 718.140 —75.6722 —298.057 —13.0802
215 735.161 —72.0388 —280.958 —11.6328
220 751.933 —68.3210 —263.862 —10.2714
225 768.395 —64.5200 —246.773 —8.99603
230 784.493 —60.6376 —229.701 —7.80644
235 800.190 —56.6757 —212.653 —6.70232
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/K Cp‘m/(J'Kfl'mor 1) (Hr—Haog.15 K)/(kJ-molfl) (S7—S298.15 K)/(J‘Kil'mor l) (Gr—Gags.15 K)/(kJ-molfl)
240 815.474 —52.6364 —195.638 —5.68329
245 830.359 —48.5216 —178.664 —4.74892
250 844.903 —44.3333 —161.738 —3.89874
255 859.207 —40.0729 —144.865 —3.13236
260 873.432 —35.7413 —128.045 —2.44944
265 887.807 —31.3382 —111.277 —1.84981
270 902.639 —26.8621 —94.5506 —1.33346
275 918.325 —22.3099 —77.8520 —0.900624
280 935.367 —17.6761 —61.1584 —0.551707
285 954.382 —12.9522 —44.4382 —0.287306
290 976.119 —8.12663 —27.6502 —0.108085
295 1001.47 —3.18356 —10.7422 —0.0146200

298.15 1019.77 0 0 0
300 1031.49 1.89771 6.34950 —0.00713000
305 1067.41 7.14360 23.7008 —0.0851500
310 Phase change
315 Phase change
320 Phase change
325 Phase change
329 1013.95 60.6079 189.963 —1.88980
330 1014.28 61.6220 193.040 —2.08119
335 1016.29 66.6982 208.308 —3.08500
340 1018.74 71.7856 223.385 —4.16530
345 1021.53 76.8862 238.280 —5.32036
350 1024.56 82.0013 253.001 —6.54889
355 1027.74 87.1320 267.555 —7.85001
360 1031.00 92.2788 281.950 —9.22307
365 1034.31 97.4421 296.191 —10.6676
370 1037.62 102.622 310.284 —12.1832
375 1040.94 107.818 324.234 —13.7695
380 1044.25 113.031 338.045 —15.4257
385 1047.59 118.261 351.719 —17.1511
390 1050.99 123.507 365.261 —18.9445
395 1054.50 128.771 378.671 —20.8042

£ 6 EEY CCd(s) AR K FFH AL
Table 6 Results of phase transitions obtained from three series of repeated experiments of the complex C;;Cd(s)
Xi _
Thermodynamic property ] ] ] Mean value (x £o,)*
Series 1 Series 2 Series 3
Tus/K 322.01 321.81 321.81 (321.88£0.07)
AysHr1/(kTomol ) 37.83 37.26 37.69 (37.59£0.17)
AsSen 1 /(JoK'emol 1) 117.5 117.11 117.13 (117.24+0.12)
Tus2/K 324.38 323.68 323.37 (323.81£0.30)
AsHro/(kTomol ) 12.39 12.42 12.45 (12.42+£0.02)
AgsSimo/(JK 'emol ™) 38.20 38.36 38.51 (38.360.09)

© o= a0 (D) s FR AL U x b ASER AR TR, n SR R
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JP AR, T R A S — AN AR AR AR I R
HH T30 e R R PRI A 3 R AR AR A, AR5 ) s AT L 2540
T sy oRE, MBS AS LIRS,

I 3 nTBAE H, EBCEY) CCd(s)A I KA
[F] FLESE ARSI B, 3 5 BT T2 R I i 2R AR
G W (CoHpsNH3),ZnCL)™® F 5 A [H . B & 9
(C12HasNH3),ZnCly(s) A —AMHARIE, &k AR AH AR 1)
X J2: 338~367 K, AR E(77.56720.34) kJsmol ', &
(1 AH AR DX A AR B LU A4 € Cd(s) P UCHH AR 1)
DS B — 28, X B HIC A CiCd(s)id & T
RN ARk R, T A 4(CroHasNH;3),ZnCly(s)id
FE A NIRRT, T A H(C1HasNH;),ZnCly(s)
10 R ARSI 0] e PR IEIX BB —if, MERAY
CiCd(s) IR N AHAZ W 2 43 FF 1) Ja ek ik, 56
WERC Y CCd(s) 1) AN AHAR 25 Ay ] - [l AHAZ . %80 &
W] A DA — Tl A P A ATt [ — [T A A i R A4 . e
x5 FHih, ARTTAERIE RS 10 AH ALk 26 36 0
308.17 K, Rl 32 °C, I HIEARAR IS FIAH AR RO, T
b, e A Ll 2 B AR [ - ] AH AR ik e A RL, nERAE
K BH BE 1 it A5 R 48 7 T A 454 .

3 #r

TR A CrCd(s) I BB ARE G (LR b, 5
HVE R AR BE R Upor=908.18 kJemol ™', X mt it BT &
W) Cy i Cd()E A [l - [ AH AL ik e A R4 FH I AT 451
FPERERS L S . AEBEIERE b, FIFDRS % B shas St
SN H X S D UERR AR ASELRE  ARASAS L AHARR LA
KSR F R 5B AR I RS
(C12HpsNH3),ZnCly(s)FHEL, FEA4) CyCd(s) AR AR |
FHAS I8 15 M2 95 78T e A W (C 1. HosNH;),ZnCly(s)™. A
b, FCAY CCd(s) BA BUE B M ARAR i 5, ] FHAE K
FHREATEL. Sk, S50 32 B L IC A PR R AR AR A
I PR AR AR ] 30 1 45, I SRR W A R LA 1 Ay [ -
V] AF A fifs e R F IR B ).
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