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Molecular spectra of the three title compounds and ofaminoethane, included for comparison, 
were interpreted by molecular vibrational analyses. Calorimetric entropy values for the 
three title compounds were used to obtain further understanding of the molecular ener- 
getics. Tables of the chemical thermodynamic properties were compiled. 

1. Introduction 
Simple aliphatic amines were included in this laboratory's program of thermodynamic 
studies of nitrogen compounds, because an understanding of the simple compounds 
would provide a foundation for understanding the more complex nitrogen compounds 
that actually occur in petroleum or in refinery streams. Calorimetric values for the 
vapor state at 298.15 K were obtained for the entropy and the enthalpy of formation (t) 
of 1-aminopropane (n-propylamine), 2-aminopropane (isopropylamine), and 2- 
methyl-2-aminopropane (t-butylamine). This paper reports statistical thermodynamic 
treatments by which the calorimetric values of the two properties at a single tempera- 
ture were extended to other properties and to the whole temperature range of practical 
interest. These treatments required interpretation of the molecular spectra to obtain 
the needed vibrational assignments. 

In what follows, the interpretation of the spectra will be discussed first, and then the 
statistical thermodynamic treatments that resulted in tables of the chemical thermo- 
dynamic properties. 

t The work upon which this research is based was sponsored jointly by the American Petroleum 
Institute Research Project 52 on the "Nitrogen Constituents of Petroleum," which was conducted at the 
University of Kansas, Lawrence, Kansas, and at the Bureau of Mines Research Centers in Laramie, 
Wyoming, and Bartlesville, Oklahoma; and American Petroleum Institute Research Project 62 on the 
"Thermodynamics of Hydrocarbons from Petroleum," which the Bureau of Mines is conducting 
in Bartlesville. 

Contribution No. 188 from the thermodynamics laboratory of the Bartlesville Petroleum 
Research Center. 
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2. Interpretation of the molecular spectra 
Molecular vibrational analyses were employed in interpreting the molecular spectra. 
They were performed with the aid of digital-computer programs SD-4064 (G-matrix), 
SD-4082 (Z-matrix symmetrization), and SD-9032-VII (eigenvalue perturbation) 
supplied by J. H. Schachtschneider of Shell Development Company. The calculations 
were made for assumed structures with tetrahedral angles and staggered configurations 
about single bonds throughout, and with the following values of bond distances: 
C--C, 1.53 /~; C--N, 1.47 /~; C--H, 1.10 /~; and N--H, 1.01 A.t Although no 
calorimetric data were available for aminoethane (ethylamine), the advantages of 
having a simpler compound for comparison purposes led to the inclusion of amino- 
ethane with the other three compounds. 

As 2-methyl-2-aminopropane can exist in only one conformation, whereas the other 
three compounds present conformational problems, 2-methyl-2-aminopropane was the 
logical compound with which to start the analyses, and the interpretation of its spectra 
will be discussed first. 

2-METHYL-2-AMINOPROPANE 
Values of observed wavenumbers were obtained from the published vapor-state 
far-infrared spectrum <z) and from an unpublished vapor-state infrared spectrum for 
the analytical region obtained by James E. Stewart of Beckman Instruments, Inc., 
as part of a study of the vibrational spectra of primary and secondary amines. °) 

The force field selected for the molecular vibrational analysis was based on ones 
known to be satisfactory for structurally related molecules. For the "hydrocarbon" 
part of the molecule, this force field was that obtained earlier in studies of aliphatic 
sulfur compounds, <*) and all of the force constants were transferred. The definitions 
were broadened so that No. 18 (table 2 of reference 4) included C--C, L_HCN with 
C common and C--N, / H C C  with C common; No. 23 included /__HCC, / H C N  
with C--H common; and No. 30 included /__ HCC, L_ HCN trans double prime and 
/__ HCC, /__ HCN gauche double prime. For the "primary amine" part of the molecule, 
the force field Of Dellepiane and Zerbi <5) was selected, and their values of KR, FR, 
FRo, F~a, and H~I were transferred. Three more constants not included in either field 
were introduced for the interface between the "hydrocarbon" and "primary amine" 
parts of the molecule: / C C N ;  C N, /__CCN with C--N common; and /__CCN, 
/__ CCN with C--N common. Also, C--C, / CCN with C--C common was constrained 
to the mean of C--C, /__ CCC with C--C common and C--N, /__ CCN with C--N 
common; and /__ CCC, /__ CCN with C--C common was constrained to the mean of 
/CCC,  /__ CCC with C--C common and / C C N ,  L CCN with C--N common. A 
fourth additional constant, C--C, C--N with C common, was tried initially and 
eliminated as being poorly determined. A few of the constants in this field do not 
apply to 2-methyl-2-aminopropane itself, but were included in anticipation of later 
transfer to the other three compounds for which they do apply. 

Dellepiane and Zerbi (5) were unable to assign the NH 2 and ND 2 twisting wave- 
numbers in methylamine and its deuterium derivatives that they included in their 

t A=O.1 nm. 
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m o l e c u l a r  v ib r a t i ona l  ana lys is  o f  s imple  a l ipha t ic  amines .  T h e y  the re fo re  l acked  

conf idence  in  the i r  va lue  o f  t he  Foo fo rce  cons tan t ,  wh ich  is n o t  wel l  d e t e r m i n e d  by  the  

o t h e r  fundamen ta l s .  I n  the  m o r e  c o m p l e x  mo lecu l e  o f  2 - m e t h y l - 2 - a m i n o p r o p a n e ,  the  

N H 2  twis t ing  m o d e  can  ga in  i n f r a r ed  in tens i ty  by  in t e r ac t ion  w i t h  o t h e r  m o d e s ,  a n d  

i t  appea r s  u n e q u i v o c a l l y  as one  o f  the  w e a k e r  i n f r a red  bands  a t  1111 cm -1 .  Th is  

c i r cums tance  p r o v i d e d  m e a n s  to  o b t a i n  m o r e  re l iab le  va lues  o f  F00 a n d  o t h e r  fo rce  

cons tan t s  o f  the  N H 2  g r o u p  tha t  a re  co r r e l a t ed  wi th  F00. 

T h e  force  field desc r ibed  a b o v e  c o n t a i n s  30 fo rce  cons tan ts ,  o f  w h i c h  23 a p p l y  to  

2 - m e t h y l - 2 - a m i n o p r o p a n e .  S ix teen  o f  the  23 cons t an t s  were  c o n s t r a i n e d  to  the i r  

TABLE 1. Adjusted force constants #~ of 2-methyl-2-aminopropane and errors a(~t) 

This research Dellepiane and Zerbi Cs) 
Force constant ~ ~l  4- ~r(~0 ~1 4" a (~ )b  

Ks 5.943 4- 0.055 6.421 • 0.025 
/-/n 0.669 ± 0.022 0.643 4. 0.011 
H 0 0.610 -4- 0.029 0.578 ± 0.013 
Foo -- 0.140 ± 0.029 -- 0.050 ± 0.017 
£ C C N  1.456 4- 0.148 
C ~ N ,  Z.CCN; C - - N  common 0.585 ± 0.155 
/ C C N ,  £ C C N ;  C - - N  common 0.371 4- 0.137 

Units: stretch, mdyn A - ~; stretch-bend, mdyn rad-  ~; bend, mdyn A rad-  2. 
Not strictly comparable because of differences in assumed molecular geometry. 

TABLE 2. Observed and calculated wavenumbers ~ of 2-methyl-2-aminopropane and 
differences, A¢ = ~(obs) -- 7(calc) 

~cm -1 A~ ~cm -1 A~ 9/cm -1 A~ 

obs. calc. cm-1 obs. calc. cm-  x obs. calc. cm-  x 

a '  a '(contd) a"(contd) 
[~  251] ~.b 234 - -  1492 1464 28 - -  910 - -  

337 338 --1 1635 1635 0 1000 996 4 
446 437 9 2915 2862 53 (1033) c 1022 11 
456 460 - 4  (2915) ~ 2863 52 1111 1114 - -3  
743 741 2 2975 2955 20 1312 1300 12 
812 811 1 (2975) c 2958 17 1390 1379 11 

921 - -  (2975) ° 2958 17 (1460) c 1446 14 
942 947 - 5 3240 3244 -- 4 (1460) ~ 1447 13 

1033 1025 8 (1477) c 1456 21 
1234 1223 11 a" (2915) ~ 2862 53 
1329 1317 12 [253] b 213 - -  (2975) ° 2953 22 
1379 1373 6 [200] ~ 231 - -  (2975) ~ 2955 20 

(1379) ~ 1373 6 [279] ~ 234 - -  (2975) ~ 2958 17 
1460 1447 13 346 342 - - 4  3320 3316 4 
1477 1454 23 (456) ~ 459 - -3  

a Inferred from calorimetric entropy value. 
b Not used in adjustment of force constants, 

U s ~  more thar~ on¢¢, 
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t ransfer red  values, and  the remaining  seven, Del lepiane  and  Zerb i ' s  Ks, H~, H 0, and  
F00 and the three " interface"  force constants ,  were adjus ted  to give the best  least-  
squares fit to the observed wavenumbers  o f  2-methyl -2-aminopropane .  The values 
ob ta ined  for  the adjus ted  force constants  are l isted in table  1, and  the calculated values 
o f  wavenumbers  are compared  with the observed values in table 2. 

The ass ignment  o f  table 2 accounts  for all o f  the p rominen t  features o f  the vapor -  
s tate infrared spectra ;  remaining  weak bands  have plausible  explanat ions  as sum- 
combina t ions :  

~cm - 1 

1152; 337 + 812 = 1149 2294; 812 + 1477 = 2289 
1754; 812+942=1754  2421; 942+1477=2419 
2062; 2 × 1033 =2066 2632; 1000+1635 =2635 
2119; 812+1312 =2124 2755; 2 × 1379 =2758 

In  some instances,  the degeneracy o f  the t -butyl  g roup  is no t  split  enough by the off- 
axis NH2  group  for  the a '  and  a" componen t s  to be resolved in the observed spectra.  

AMINOETHANE,  1-AMINOPROPANE, A N D  2-AMINOPROPANE 

Values o f  observed wavenumbers  were ob ta ined  f rom vapor-s ta te  infrared spectra  in 
the analyt ica l  region ob ta ined  by Car los  Ellis o f  this center,  and,  for  the last  two 
compounds ,  f rom the publ ished vapor-s ta te  fa r - inf rared  spectra.  (2) 

The force field derived for  2 -methy l -2 -aminopropane  was used to calculate wave- 
numbers  o f  the two possible conformat ions  o f  aminoe thane ,  the five possible  con- 
fo rmat ions  o f  1-aminopropane ,  and  the two possible  conformat ions  o f  2-amino-  
propane .  The  calcula ted wavenumbers  are c o m p a r e d  with the observed values in 
tables  3, 4, and  5. In  the designat ions o f  the confo rmat ions  o f  1 -aminopropane  in 

TABLE 3. Calculated and observed wavenumbers of aminoethane 

~(Cs)/cm-1 ~(Cz)/cm-1 ~(Cs)/cm-1 ~(C1)/cm-1 
calc. calc. obs. calc. calc. obs. 

216a" 220 234 a 1408a' 1413 1399 
258a" 250 262 b 1446a' 1447 "~ 1456 
461 a" 479 491 c 1449a" 1449 J 
785a" 758 782 a 1462a' 1463 1464 
810a' 812 817 1636a' 1635 1622 
890a' 887 888 e 2862a' 2862 2876 

1069a" 1027 1056 2896a' 2897 2902 
1073 a" 1105 1087 2952a" 2951 "] 
1104a' 1130 1118 2957a" 2957 ) 2971 
1249a" 1228 1239 2961 a" 2960 
1308a" 1306 1294 3243 a" 3244 3210 
1328a" 1339 1351 3316a" 3316 3345 

a From sum-combination [234] + 782 = 1016. 
b From sum-combination [262] + 782 = 1044. 
° From sum-combination [491] + 888 = 1379. 
a Mean of inversion doublet, 774-790. 

Mean of inversion doublet, 883-893, 
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TABLE 4, Calculated and observed wavenumbers of 1-aminopropane 

~(T--T)/cm -1 ~(G--T)/cm -1 ~(O--O') /cm - I  ~(T--G)/cm -1 ~(G--G)/cm -1 

calc. calc. calc. calc. obs. calc. obs. 

120a" 117 122 123 < 1 0 I  s 122 - -  
222a" 222 216 216 210 210 203 
249a" 229 232 247 252 230 232 
316a" 337 337 315 323 342 327 
465a'  504 521 482 454 519 541 
740a" 763 764 737 722 b 758 751 
799a'  814 781 777 775 o 793 786 a 
872a" 871 865 865 878 845 843 
893 a '  891 901 895 887 908 893 

1020a' 980 982 1016 1023 978 980 
1074a' 1062 1058 1061 1077 1052 1047 
1092a" 1095 1093 1084 1087 1114 1108 
1092a" 1116 1118 1137 1142 ? 1130 1122 ? 
1230a" 1216 1225 1215 1220 1202 - -  
1271 a '  1263 1264 1268 1275 1256 - -  
1286a" 1286 1276 1289 1302 1284 
1321 a" 1332 1332 1316 - -  1333 M 
1368a' 1371 1380 1371 1354 e 1382 1387 
1419a' 1395 1397 1421 1400 1398 1394 
1435a' 1438 1438 1437 - -  1438 - -  
1449a" 1449 1 4 4 9  1449 1460 1449 (1460) r 
1454a' 1453 1453 1456 1466 1454 (1466) r 
1462a' 1457 1458 1463 1475 1458 (1475) r 
1636a' 1636 1635 1635 1626 •635 (1626) t 
2862a'  2862 2862 2862 2885 2862 (2885) r 
2893a" 2896 2896 2893 2892 2896 (2892) r 
2899a'  2897 2897 2899 2902 2897 (2902) t 
2950a" 2952 2952 2950 2943 2952 (2943) r 
2956a'  2955 2955 2956 ~. 2954 2955 ~t2954~r~j 
2956a" 2958 2957 2956 f 2957 f 
2963 a ~ 2962 2962 2963 2972 2962 (2972) t 
3243a" 3244 3244 3244 - -  3244 - -  
3316a" 3316 3316 3316 3347 3316 (3347) t 

a Inferred from calorimetric entropy value. 
b From sum-combination, 210 + [722] = 932. 
c Mean of inversion doublet, 772-778. 
a Mean of inversion doublet, 783-788. 
e Mean of 1350-1358 doublet from Fermi resonance with 323 -/- 1023 = 1346. 
i Used a second time. 

t a b l e  4, t h e  f i rs t  l e t t e r  ( T  o r  G )  r e f e r s  to  t h e  trans or  gauche o r i e n t a t i o n  o f  t he  

C - - C - - C - - N  c h a i n ,  a n d  t h e  s e c o n d  l e t t e r  (T, G ,  o r  G ' )  re fers  to  t h e  trans o r  o n e  o f  

t h e  t w o  n o n - e q u i v a l e n t  gauche o r i e n t a t i o n s  o f  t h e  C - - C - - N - - :  c h a i n .  ( T h e  s y m b o l  

f o r  a n  e l e c t r o n  pa i r ,  :, d e s i g n a t e s  t h e  v a c a n t  c o r n e r  o f  t he  n i t r o g e n  t e t r a h e d r o n . )  

T h e  o b s e r v e d  s p e c t r a  o f  a m i n o e t h a n e  c lear ly  c a n  b e  i n t e r p r e t e d  as  a r i s i n g  f r o m  a 

s ingle  c o n f o r m a t i o n ,  b u t  c o m p a r i s o n  o f  t he  c a l c u l a t e d  a n d  o b s e r v e d  w a v e n u m b e r s  

d o e s  n o t  p r o v i d e  a c l e a r - c u t  d i s t i n c t i o n  b e t w e e n  t h e  C~ a n d  C,  c o n f o r m a t i o n s .  

H o w e v e r ,  t w o  o b s e r v a t i o n s  i d e n t i f y  t h e  o b s e r v e d  s p e c t r u m  w i t h  t he  Cx c o n f o r m a t i o n .  
56 
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TABLE 5. Calculated and observed wavenumbers of 2-aminopropane 

9(C,)/cm- x ~(C1)/cm- 1 ~(C~)/cm- 1 ~(C0/cm- 1 
calc. calc. obs. calc. talc. obs. 

217a" 215 234 1378 a" 1377 1381 
232a" 233 201 1393 a' 1397 1389 
236a" 237 263 1447a" 1447"~ 
380a' 375 371 ~ 1450a' 1450J 1462 
408a" 407 403 1454a" 1453 1466 
514a' 517 471 1463a' 1464 1473 
764a" 798 787 1635a' 1635 1623 
837a' 819 827 2862a' 2862"~ 
931 a" 935 946 b 2862a" 2862J 2860 
961a" 965 965 2927a' 2929 2932 
973a" 973 978 2954a" 2954 2959 

1054a" 1069 1086 2956a" 2956~ 
1154a' 1114 1130 2957a' 2957J 2970 
l190a' 1191 1177 2958a' 2958 2983 
1204a" 1243 1243 3244a' 3244 3200 c 
1346a" 1324 1335 3316a" 3317 3342 
1357a' 1362 1344 

, From Raman spectrum of liquid (6) and infrared spectrum of solution. <2) 
From Raman spectrum of liquid. <6) 

C Not resolved from sum-combinations, 201 +2970 = 3171, 234-t-2970 = 3204, and 263 + 
2970 = 3233. 

(a) The bands  a t  782 and  888 c m - 1  bo th  exhibi t  invers ion doubl ing  and,  therefore,  
mus t  be o f  the same symmet ry  species, as they would  be for  the  C~ bu t  not  the C, 
conformat ion .  (b) The  poten t ia l  energy d is t r ibut ion  shows tha t  the  C~ mode  o f  calcu- 
la ted wavenumber  785 cm - I  is p redomina te ly  CH2 and  C H  a rock,  whereas the C1 
mode  o f  ca lcula ted wavenumber  758 c m -  a is p r edominan t ly  N H  2 wag, as expected 
f rom the high intensi ty  and  invers ion doubl ing  o f  the cor respond ing  observed band  
at  782 c m -  1. 

The observed spect ra  o f  1 -aminopropane  are too  complex  to  in terpre t  as arising 
f rom a single conformat ion .  The s ta t i s t i ca l - thermodynamic  t r ea tment  to be discussed 
la ter  implies  tha t  the T T, T - - G ,  G - - T ,  G - - G ,  and  G - - G '  conformat ions  have 
approx ima te ly  the same energy and  are  present  in a b o u t  the p ropor t i ons  1,2,2,2,2, 
de te rmined  by  symmet ry  alone. However ,  only two o f  the five conformat ions  are 
needed to  expla in  the spectra.  Compar i son  o f  observed and  calcula ted wavenumbers  
(the observed bands  at  980 and  1023cm -1 are the most  d iagnost ic)  shows tha t  one 
confo rma t ion  has  the trans and  the o ther  one the gauche or ien ta t ion  o f  the C - - C - - C - - N  
chain.  As  shown in table  4, the observed wavenumbers  are  sat isfactori ly explained as 
arising f rom the T - - G  and  G - - G  conformat ions .  This  in te rpre ta t ion  is consis tent  
with the fact  tha t  in the lower homologue ,  aminoe thane ,  the observed wavenumbers  
arise solely f rom the C~ conformat ion ,  which has the gauche or ienta t ion  o f  the 
C - - C - - N - - :  chain.  Table  4 with its footnotes  provides  an explana t ion  o f  all features 
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of  the observed spectra except a few weak bands, for which plausible explanations can 
be found as sum-combinations: 

1855; 775+1087=1862 
1955; 2 × 980=1960 
2760; 1354+1400=2754 
3100; 1475+1626=3101 

~ c m -  x 

f203 "1 _ f3175"~ 
3180;-1210 t- + 2972 - -  ~ 3 ~ 8 2 ~  

3410; 454 +2972= 3426 

The observed spectra of  2-aminopropane can be interpreted as arising from a single 
conformation, despite evidence from the statistical-thermodynamic treatment to be 
discussed later that the Cs and C1 conformations are present in about the ratio 1/2, 
determined by symmetry alone. In the region 1000 to 1300 cm-  1, the pattern of  observed 
wavenumbers has more similarity to that calculated for the C1 than for the Cs con- 
formation. This circumstance lends support to the tentative conclusion arrived at 
previously from the far-infrared spectra alone (z~ that the C1 conformation is the one 
appearing in the infrared spectra. Weak bands not accounted for in table 5 and its 
footnote~ have plausible explanations as sum-combinations: 

~ / c m  - 1 

1032; 234 + 787 = 1021 1745; 403 + 1344 = 1747 
1051; 263 + 787 = 1050 3435; 471 + 2970 = 3441 

COMMENTS ON THE FORCE FIELD 

The force field based on 2-methyl-2-aminopropane is seen to predict wavenumbers of  
other primary amines well enough to be useful in arriving at vibrational assignments. 
However, some differences between observed and calculated wavenumbers are rather 
large. Also, in a related study of piperidine, (7~ significantly different values of  some 
force constants were required to fit the observed wavenumbers of  that secondary 
amine. These observations serve as a reminder that a force field satisfactorily transfer- 
able among all aliphatic amines remains to be found. 

3.  S t a t i s t i c a l - t h e r m o d y n a m i c  t rea tments  

Tables of chemical thermodynamic properties of 1-aminopropane, 2-aminopropane, 
and 2-methyl-2-aminopropane were calculated by standard methods. The calorimetric 
data used are summarized in table 6. The product of moments of inertia for over-all 

TABLE 6. Calorimetric data at 298.15 K 

2-Methyl-2- 
1-Aminopropane 2-Aminopropane aminopropane 

S°/cal K- 1 mol- 1 
hilt(real gas, sat.)/kcal tool- x b 
(AH~ -- AHr)/kcal mol- 1 

AH~/kcal mol- 1 

77.9 ± 0.2 74.7 ± 0.2 78.3 ± 0.2 
-- 16.77 -- 20.02 -- 28.90 

0.04 0.0~ 0.06 

-- 16.7 ::k 0.2 -- 20.0 ::k 0.2 -- 28.8 ± 0.2 

Observed values from calorimetric studies in this laboratory. 
Reference 1. 

c Estimated. 
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rotation, and reduced moments of inertia for internal rotation, were calculated with 
the same structural assumptions used for the molecular vibrational analyses. Individual 
treatments now will be considered. 

1-AMINOPROPANE 

The T - - G  conformation was selected as the one for which the momental quantities 
and vibrational assignment (table 4) were used. For the three unobserved wave- 
numbers above 1300cm -~, the calculated values were used. The C H  3 and N H  z 
torsions were treated as restricted internal rotations with simple, threefold, cosine-type 
potential barriers. Barrier heights of 3.7 and 1.7 kcal mol -  ~ were calculated from the 
observed torsional fundamentals of  252 and 210cm -~, respectively. The skeletal 
torsion was treated as an harmonic oscillator, and R In 3 was included in - ( G  ° -  H~)/T 
and S ° to take account of  mixing of the trans and d and I gauche orientations of the 
C - - C - - C - - N  chain. The wavenumber for skeletal torsion was taken as 101 cm -x to 
give agreement with the calorimetric entropy value. That is a maximum value; if the 
conformational entropy actually is any less than the R In 9 implicit in the treatment 
of the NH2 and skeletal torsions, then a wavenumber less than 101 cm -~ would be 
required for agreement with the calorimetric entropy. 

2-AMINOPROPANE 

The C 1 conformation was selected as the one for which the momental quantities and 
vibrational assignment (table 5) were used. The two CH 3 torsions were treated as 
hindered by simple, threefold, cosine-type barriers. Barrier heights of 4.4 and 2.7 
kcalmo1-1 were calculated from the assigned torsional fundamentals of 263 and 
201 cm-1. The calorimetric entropy value requires that the Cs and C1 conformations 
differ little in energy; in fact, satisfactory agreement is obtained by use for the N H  2 
torsion of a simple, threefold, cosine-type barrier of  height 2.14 kcalmo1-1 evaluated 
from the observed torsional fundamental of  234 cm-~. This conclusion about a small 
energy difference in the vapor accords with the observation of  Krueger and Jan (9) of  a 
difference of only (0.12___ 0.02) kcal tool-  ~ for (CH3)2CDNH 2 in CC14 solution. The 
contributions of  NH z torsion actually were obtained by summing over a set of 
Mathieu-like energy levels based on all of the observed transitions in the far-infrared 
spectrum attributed to that mode. In view of  remaining ambiguities in interpreting the 
far-infrared spectrum, that refinement may have been more elaborate than justified. 
In any event, the results were insignificantly different than if the simple barrier 
mentioned above had been used instead. This treatment of  2-aminopropane is based 
solely on spectroscopic data and contains no parameter adjusted to fit the calorimetric 
entropy value; of  course, this entropy value was used as a guide to the proper inter- 
pretation of the spectroscopic data. 

2-METHYL-2-AMINOPROPANE 

The vibrational assignment was that of  table 2, with the calculated values used for the 
two unobserved fundamentals. The NH2 torsion and all three CH3 torsions were 
treated as hindered by simple, threefold, cosine-type barriers. The barrier height for 
the NH2 torsion, 2.5 kcal mol -  2, and two of the CH3 torsions, 5.0 and 2.7 kcal tool-  1, 
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w e r e  c a l c u l a t e d  f r o m  t h e  o b s e r v e d  f u n d a m e n t a l s  o f  253 ,  279 ,  a n d  2 0 0  c m -  ~, r e s p e c t i v e l y .  

T h e  b a r r i e r  h e i g h t  f o r  t h e  t h i r d ,  u n o b s e r v e d ,  C H  a t o r s i o n  w a s  t a k e n  a s  4 .1  k c a l  t o o l  - ~ 

t o  g i v e  a g r e e m e n t  w i t h  t h e  c a l o r i m e t r i c  e n t r o p y  v a l u e .  

C H E M I C A L  T H E R M O D Y N A M I C  P R O P E R T I E S  

T h e  v a l u e s  o f  e n t h a l p y  o f  f o r m a t i o n  i n  t a b l e  6, o f  t h e  t h e r m o d y n a m i c  f u n c t i o n s  o f  t h e  

a m i n e s  f r o m  t h e  t r e a t m e n t s  j u s t  m e n t i o n e d ,  a n d  o f  t h e  t h e r m o d y n a m i c  f u n c t i o n s  o f  

C (c,  g r a p h i t e ) ,  H 2 ( g  ), a n d  N 2 ( g )  ( l ° )  w e r e  u s e d  t o  c o m p u t e  t h e  e n t h a l p y ,  G i b b s  e n e r g y ,  

a n d  c o m m o n  l o g a r i t h m  o f  t h e  e q u i l i b r i u m  c o n s t a n t  o f  f o r m a t i o n .  T h e  c h e m i c a l  

t h e r m o d y n a m i c  p r o p e r t i e s  o f  t h e  t h r e e  a m i n e s ,  f o r  s e l e c t e d  t e m p e r a t u r e s  b e t w e e n  

2 0 0  a n d  1 0 0 0 K ,  a r e  l i s t e d  i n  t a b l e s  7, 8 a n d  9. 

T A B L E  7. S tandard  chemical  t h e r m o d y n a m i c  propert ies o f  1 -aminopropane  in the  ideal gas  state 

T - ( G  ° - H g ) / T  ( H  o - -  H g ) / T  H o - H g  s ° c ~  a H ~  o 6 C ~  o 

c a l K  -1 c a l K  -~ kcal  c a l K  -~ c M K  -~ kcal  kcal  
m o l -  ~ m o l -  ~ too l -  ~ m o l -  ~ too l -  z too l -  1 tool - z 

log loK~ ~ 

0 0 0 0 0 0 - -  10.1 - -  10.1 00 
200 58.3 12.0 2.39 70.3 16.7 - -  14.8 -+ 1.5 - -  1.7 
273.15 62.3 13.7 3.75 76.0 20.4 - -  16.3 8.4 - -  6.2 
298.15 63.6 14.3 4.27 77.9 21.8 - -  16.7 10.0 - -  7.3 
300 63.6 14.4 4.32 78.0 21.9 - -  16.8 10.1 - -  7.4 
400 68.1 17.0 6.79 85.1 27.6 - -  18.5 19.4 - -  10.6 
500 72.2 19.7 9.83 91.9 33.0 - -  19.9 29.0 - -  12.7 
600 76.0 22.3 13.4 98.3 37.6 - -  21.0 38.9 - -  14.2 
700 79.6 24.8 17.3 104.4 41.6 - -  21.9 48.9 - -  15.3 
800 83.1 27.1 21.7 110.2 45.0 - -  22.4 59.1 - -  16.1 
900 86.4 29.2 26.3 115.6 48.0 - -  22.8 69.3 - -  16.8 
1000 89.6 31.2 31.2 129.8 50.5 - -  23.1 79 .6  - -  17.4 

The  s tandard  enthalpy,  Gibbs  energy, a n d  c o m m o n  logar i thm of  the equi l ibr ium cons tan t  o f  
fo rmat ion  by the  react ion:  3 C (c, graphite)  + (9/2)I-I~(g) + (1/2)N2(g) = C3HgN(g).  

T A B L E  8. S tandard  chemical  t h e r m o d y n a m i c  propert ies o f  2 -aminopropane  in the  ideal gas s ta te  

T - -  (G ° - -  H g ) / T  ( H  ° - -  H ~ ) / T  H ° - -  H g  S ° C~  A H ~  ~ AG ° ~ 

K. c a l K  -1 c a l K  -1 kcal  c a l K  -1" c a l K  -1 kcal  kcal  logxoK~ a 
mol  - 1 m o l -  1 too l -  1 too l -  1 too l -  ~ mol  - ~ mol  - 1 

0 0 0 0 0 0 - -  13.3 - -  13.3  oz 
200 55.3 11.5 2.30 66.8 17.1 - -  18.1 - -  1.1 1.2 
273.15 59 .2  13.5 3.70 72.7 21.2 - -  19.5 5.4 - -  4.3 
298.15 60.4 14.2 4.25 74.6 22.6 - -  20.0 7.7 - -  5.6 
300 60.5 14.3 4.29 74.8 22.7 - -  20.0 7.9 - -  5.7 
400 65.0 17.1 6.85 82.1 28.5 - -  21.7 17.4 - -  9.5 
500 69.1 19.9 9.96 89.0 33.6 - -  23.0 27.3 - -  11.9 
600 73.0 22.6 13.6 95.6 38.1 - -  24.0 37.5 - -  13.7 
700 76.6 25.1 17.6 101.7 41.9 - -  24.8 47.8 - -  14.9 
800 80.2 27.4 21.9 107.6 45.1 - -  25.4 58.2 - -  15.9 
900 83.5 29.5 26.6 113.0 48.0 - -  25.8 68.7 - -  16.7 
1000 86.7 31.5 31.5 118.2 50.4 - -  26.0 79.2 - -  17.3 

a The  s tandard  en tha lpy ,  Gibbs  energy,  and  c o m m o n  logar i thm of  the equi l ibr ium cons tan t  o f  
fo rmat ion  by the  react ion:  3 C (c, graphi te)  + (9/2)H2(g) + (1/2)Nz(g) = C3HgN(g).  
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TABLE 9. Standard chemical thermodynamic properties of 2-methyl-2-aminopropane 
in the ideal gas state 

T -- (G ° -- H~) /T  ( H  ° -- H~) /T  H ° -- H~ S ° C~ AH~ a AG ° 

K cal K -  1 cal K -  1 kcal cal K -  ~ cal K -  ~ kcal kcal 
tool-  ~ mol-  1 mol-  ~ mol-  1 tool-  ~ tool - 1 mol - ~ 

logloK~ ~ 

0 0 0 0 0 0 -- 20.7 -- 20.7 oo 
200 55.5 13.0 2.59 68.5 21.1 -- 26.7 -- 4.1 4.5 
273.15 60.0 15.9 4.35 75.9 26.8 --  28.3 +4 .4  -- 3.5 
298.15 61.4 16.9 5.04 78.3 28.8 -- 28.8 7.4 -- 5.4 
300 61.5 17.0 5.10 78.5 28.9 -- 28.9 7.7 -- 5.6 
400 67.0 20.9 8.37 87.9 36.4 -- 30.8 20.1 -- 11.0 
500 72.0 24.7 •2.3 96.7 42.8 -- 32.3 33.0 -- 14.4 
600 76.8 28.2 16.9 105.0 48.3 --  33.4 46.2 -- 16.8 
700 81.4 31.4 22.0 112.8 52.9 -- 34.3 59.5 -- 18.6 
800 85.8 34.3 27.5 120.1 56.8 --  34.9 73.0 -- 19.9 
900 90.0 37.0 33.3 127.0 60.2 -- 35.3 86.5 -- 21.0 
1000 94.0 39.5 39.5 133.5 63.2 -- 35.5 100.0 -- 21.9 

a The standard enthalpy, Gibbs energy, and common logarithm of the equilibrium constant of  
formation by the reaction: 3 C (c, graphite) q- (ll/2)H2(g) q- (1/2)N2(g) = C4HlIN(g). 

T h e  t h e r m o d y n a m i c  func t ions  were  ca lcu la ted ,  as  a l r e ady  descr ibed ,  w i th  the  

h a r m o n i c - o s c i l l a t o r ,  r ig id - ro ta to r ,  i n d e p e n d e n t - i n t e r n a l - r o t a t o r  a p p r o x i m a t i o n  and  

a re  based  sole ly  o n  ca lo r ime t r i c  va lues  o f  en t ropy ,  as  n o  expe r imen t a l  va lues  o f  C~, the  

h e a t  c apac i t y  in  t he  idea l  gas  state,  were  ava i l ab le  fo r  e s t ima t i ng  the  effects o f  an-  

h a r m o n i c i t y  a n d  o t h e r  p h e n o m e n a  n o t  i n c l u d e d  in  t he  s impl i f ied  t r ea tmen t .  The  

en t r ies  in tab les  7, 8, a n d  9 are  g iven  to  one  less t h a n  the  c u s t o m a r y  n u m b e r  o f  dec ima l  

p laces  as a r e m i n d e r  t ha t  they  a re  n o t  as re l iab le  as va lues  based  o n  m o r e  c o m p l e t e  

c a l o r i m e t r i c  data .  Desp i t e  the  ev iden t  s h o r t c o m i n g s ,  the  t a b u l a t e d  chemica l  t h e r m o -  

d y n a m i c  p r o p e r t i e s  o f  the  three  p r i m a r y  amines  a re  s u p e r i o r  to  any  va lues  ava i lab le  

h e r e t o f o r e  a n d  s h o u l d  suffice fo r  nea r ly  al l  p rac t i ca l  c h e m i c a l  t h e r m o d y n a m i c  appl ica-  

t ions .  

Resu l t s  o f  l o w - t e m p e r a t u r e  c a l o r i m e t r y  p r o v i d e d  by  s taf f  m e m b e r s  o f  this  l a b o r a t o r y  

are  i n t e n d e d  fo r  la ter ,  separa te ,  pub l i ca t ion .  
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