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The Dependence on lonic Strength of Enthalpies of Protonation for

Polyamines in NaCl g
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Enthalpies of protonation of some polyamines [N,N,N’,N'-tetramethylethylenediamine, bis(3-aminopropyl)-
amine, bis(6-aminohexyl)amine, 4-aminomethyl-1,8-octanediamine, 3,3'-diamino-N-methyldipropylamine,
N,N,N ;N ',N "-pentamethyldiethylenetriamine, 1,1,4,7,10,10-hexamethyltriethylenetetraamine, and tris-
(2-aminoethyl)amine] were determined by calorimetric titrations in NaClq in the ionic strength range
0 < I /(mol kg™%) < 3[0 < I/(mol kg~1) =< 5 for bis(6-aminohexyl)amine and tris(2-aminoethyl)amine] and
at t = 25 °C. The dependence on ionic strength was considered by using two different models. Both AH°
values and their dependence on | are affected by N-alkyl substitution. Parameters for the dependence on
I are very similar for all unsubstituted or partially substituted polyamines, and common parameters are
proposed. Analogously, for fully methyl-substituted polyamines, strong similarities were found in the
dependence on I, and also in this case, common empirical parameters are given. Previous data from this
laboratory for the protonation of some unsubstituted diamines were also considered in the analysis of
the results. An attempt to calculate enthalpy changes for the interaction of Cl~ with polyammonium

cations was made.

Introduction

Because of the importance of polyamines in natural and
biological fluids,»? it is necessary to investigate extensively
their interactions with components of these fluids, in
different ionic media and under different ionic strength and
temperature conditions. The most important reaction of
polyamines in aqueous media is protonation, and several
investigations have been devoted to this matter, in par-
ticular by determining protonation constants and, to a
lesser extent, by measuring enthalpies of protonation.

The protonation of low-molecular-weight polyamines has
been studied extensively, and a great deal of data have
been reported in several papers.3~2! Nevertheless, only a
few papers report other thermodynamic parameters at
several values of the ionic strength. The parameters are
always calculated at only one, generally low (0.1 mol dm~3),
value of ionic strength and often in KCI, KNOs, or NaClOj,.
Furthermore, most of the enthalpies of protonation are
calculated from the “temperature dependence” of the
formation constants, which often leads to less accurate
values compared to those measured by direct calorimetry.

In this work, we report experimental data (from calori-
metric measurements) on the enthalpies of protonation of
some polyamines (Table 1) at different ionic strengths in
the range 0 < I/mol kg™! < 5 and at t = 25 °C. The results
are analyzed in terms of ionic strength dependence using
different models. The influence of alkyl substitution on the
enthalpy of protonation is considered in detail.

Experimental Section
Materials. Amines [N,N,N',N'-tetramethylethylenedi-
amine (1,2ds), bis(3-aminopropyl)amine (TR1), bis(6-ami-
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nohexyl)amine (TR2), 4-aminomethyl-1,8-octanediamine
(TR3), 3,3'-diamino-N-methyldipropylamine (TR4), N,N,N’,-
N',N"-pentamethyldiethylenetriamine (TR6), 1,1,4,7,10,10-
hexamethyltriethylenetetraamine (TE1), and tris(2-ami-
noethyl)amine (TEZ2); Aldrich or Fluka products] were
purified by transformation into the corresponding hydro-
chlorides and were used in this form. Sodium chloride
(Fluka, puriss.) was prepared by weighing the pure salt
after drying in an oven at 110 °C. Standard solutions of
NaOH were prepared by diluting concentrated Fluka
ampules and were standardized against potassium biph-
thalate. Grade A glassware and twice-distilled water were
used for all solutions.

Calorimetric Measurements. Calorimetric measure-
ments were performed by titrating 50 mL of the solution
containing the amine hydrochloride under study and NacCl
at variable ionic strength, at (25.000 + 0.001) °C, using a
Tronac isoperibolic titration calorimeter (model 450), coupled
with a Keithley 196 system Dmm digital multimeter. The
titrant NaOH was delivered by a 2.5-mL-capacity Hamilton
syringe, model 1002TLL. A computer program was used
for the acquisition of the calorimetric data. The accuracy
was checked by titrating a TRIS [tris(hydroxymethyl)amino
methane] buffer with HCI. The concentrations used in the
experiments were Cy a = 10 mmol dm™3, Cnaon = 1 mol
dm~3, and Cnac) = 0.1—5 mol dm~3 (H,A = fully protonated
amine). The enthalpy of dilution was measured before each
experiment under the same ionic strength conditions as
the measurements. The accuracy of the calorimetric ap-
paratus was Q =+ 0.008 J, and the accuracy of the titrant
volume was v + 0.001 cm?3.

Calculations. Calorimetric titration data were analyzed
by the computer program ES5CM.?2 The LIANA program?3
was used to test the dependence of AH on ionic strength
according to different equations. The enthalpies of proto-
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Table 1. Amines Considered in this Work

amine name symbol log K ref AH ref
HoN—(CHg2),—NH; ethylenediamine 1,2d 21 20
HaN—(CH2)s—NH> 1,6-diaminohexane 1,6d 21 20
HoN—(CHgz)s—NH; 1,8-diaminooctane 1,8d 21 20
HaN—(CH2)10—NH> 1,10-diaminodecane 1,10d 21 20
(CH3)2N—(CH3)2—N(CH3)2 N,N,N’,N'-tetramethylethylenediamine 1,2ds 21 a
HoN—(CHgz)s—NH—(CH2)s—NH; bis(3-aminopropyl)amine TR1 21 a
HoN—(CH2)s—NH—(CH2)s—NH; bis(6-aminohexyl)amine TR2 21 a
HoN—(CH3)4-CH(CH2—NH32)—(CH2)s—NH; 4-aminomethyl-1,8-octanediamine TR3 21 a
HaN—(CH2)3—N(CH3)—(CH2)3—NH 3,3'-diamino-N-methyldipropylamine TR4 21 a
(CH3)2N—(CH2)2—N(CH3)—(CH3)2—N(CH3)2 N,N,N’,N’,N"-pentamethyldiethylenetriamine TR6 21 a
(CH3)2N—(CH>)2-[N(CH3)—(CH32)2]o—N(CH3)2 1,1,4,7,10,10-hexamethyltriethylenetetraamine TE1l 21 a
N(CH2CH>NH>)3 tris(2-aminoethyl)amine TE2 21 a
a This work.

nation refer to the reaction (A = amine)
iH" + A°=HA"™ (1)

Thermodynamic protonation parameters are given on the
molal scale [mol (kg of H,O)]. Enthalpy changes for the
ionization of water at different ionic strengths used in the
calculations were taken from ref 24.

Equations for the Dependence on lonic Strength.
The dependence on ionic strength of the enthalpy of
protonation AH can be expressed by the simple polynomial
equation

—~AH=—-AH’+CI +EI? )

with
C=ci(i — 1) + c,i (2a)

and
E=e,i(i—1) (2b)

where AHC is the enthalpy change at I — 0 and c;, ¢,, and
e; are empirical parameters that can be obtained from
experimental data by least-squares calculations.

The dependence on ionic strength can also be taken into
account by using the Pitzer equations.?> According to the
Pitzer equations, for electrolytes 1—1, 1-2, and 2—1, the
activity coefficients of cation M or anion X can be expressed
by

In yy, Inyy = (152 Y.CLie”.0,9) (3)
and for neutral species
IN yuxo = 241 (3a)

where 1 is the ionic strength on the molal scale; ©, g,
and C@ represent interaction parameters between two ions
of opposite signs; © represents interaction parameters
between two ions of the same sign, W represents triple
interactions (+ —+, —+ =), and 1 is the interaction
parameter for neutral species. At I < 3 mol (kg of H,O)™1,
the ® and W parameters can generally be neglected.
If we consider the protonation reaction

HY + H_ Al = H AT )
the thermodynamic constants in NaCl can be expressed by

InKM=In"K " +Iny +Inyy a—Inyya 5

and by combining eq 5 with the explicit form of eq 3, we
obtain

InKH=InTK"+201 - A, + ZI(ﬂH,u(O) +
ﬁHi*lA'C'(O) B ﬂHiAvCI(O) T Ounat On_ana — Onana T
| Z{CH,CI(¢) + CHH A,C|(¢)/[2(i — 1)1/2] _ CHiA,CI(¢)/(2i1/2) T

IIIH,Na,Cl + lpHHA,Na,a - IIJHiA,Na,Cl]’ + (ﬁH,CI(l) +
ﬁHHA,m(l) - ﬂHi,A,u(l))fl + (1= )Byacf, (52)
and fori =1

In K1H =1In TKlH + ZI(ﬂH,CI(O) +Aa— ﬁHA,CI(O) + O na —
G)HA,Na) +1 Z(CH,C|(¢) - CHA,CI(¢)/(2i1/2) + IIIH,Na,Cl -
IIIHA,Na,Cl) + (ﬁH,Cl(l) - ﬁHA,CI(l))fl (5b)

with

A, = —0.3912 + 6.636 x 10 *(t/°C — 25) + 3.562 x
10~6(t/°C — 25) (5c¢)

7 =1"2(1 + 1.21")7 + 1.667 In(1 + 1.21"%) (5d)
f,=1— (1 + 21™) exp(—21"?) (5e)
f,=—1+ (1 + 21" + 21) exp(—21"?) (5f)

In this work, for the protonation constants at different
ionic strengths we used the simplified version of eq 5a

In K" =In K™+ 201 = i)f TA, + 21P, + 1P, + f,P, +
(1= Dfbrac™ (6)

where fnac® = 0.26642% and

— 0 0 0
P = ﬂH,Cl( )+ 5HHA,C|( = ﬂHiA,CI( )+ ®H,Na +

O, ana ~ Onana (63)
P, = CH,CI(¢) + CHHA’C|(¢)/[2(i - 1Y~ CHiA,CI(¢)/(2i1/2) +
lpH,Na,cl + lpHHA,Na,CI B IIJHiA,Na,c| (6b)
Py = ﬁH,Cl(l) + ﬂHHA,Cl(l) - ﬁHiA,CI(l) (6¢)
Using the known thermodynamic relation

AH = RT (3 In K/aT),, (7)
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Table 2. Thermodynamic Parameters? for the Protonation of Triamines in NaCl at Different lonic Strengths and at

25°C
b —AG;° —AH;° TAS;° —AG° —AH° TAS,° —AGz° —AHZ° TASZ®
TR1
0 60.2°¢ 51.4 + 0.49 8.8+ 0.4d 113.4° 105.3 4+ 0.64 8.1+ 0.64 154.2¢ 151.0 + 0.79 3.2+0.7d
0.1 60.5 51.74+0.3 8.8+0.3 1151 105.7+ 0.5 9.4+05 158.7 1514+ 05 7.3+£05
0.5 61.4 5254+ 0.2 89+03 117.2 106.9+ 0.2 10.3+0.3 162.9 153.2+0.3 9.7+03
1 62.4 535+0.2 8.9+0.2 119.1 108.3 + 0.5 10.8 £ 0.5 166.1 155.3+ 0.6 10.8 £ 0.6
2 64.2 55.2+£0.3 9.0+0.3 122.5 1109+ 0.6 11.6 £ 0.6 171.5 159.5+ 0.6 120+ 0.6
3 66.0 56.4 + 0.2 9.6 +£0.2 126.2 113.2+ 05 13.0£0.5 176.8 1635+ 0.5 13.3+0.5
AX® 63+ 3 5442 9+05 119+ 7 109 + 4 11+3 165+ 11 157+ 6 8+5
TR2
0 63.7 56.8 £ 0.2 6.9+0.3 122.3 113.7+ 0.2 8.6 £0.2 175.6 170.3+ 0.6 53+06
0.1 64.1 57.0£0.2 7.1+03 124.0 114.0+0.2 10.0+£0.2 180.0 170.7 £ 0.5 9.3+0.5
0.5 64.9 57.94+0.2 7.0+£03 126.1 1153+ 0.2 10.8 £0.3 184.0 1726+ 0.1 11.4+0.1
1 65.7 58.9 4+ 0.2 6.8+0.3 127.9 116.9+ 0.2 11.0+£0.2 186.9 1751+ 04 11.8+ 0.4
2 67.4 60.8 £ 0.2 6.6 £0.3 1311 1205+ 0.4 10.6 £0.4 191.8 180.3 £ 0.9 11.5+0.9
3 69.1 62.5+0.2 6.6 +0.3 134.3 1242+ 0.4 101+ 04 196.5 185.8 + 0.9 10.7 £0.9
5 72.4 65.5+0.2 6.9+0.3 141.6 1323+ 0.2 93+0.3 207.2 1978+ 0.4 94+04
AX® 68 +4 61+6 7+05 132+ 10 123+ 9 10+1 191 + 16 184 + 14 11+6
TR3
0 62.2 57.3+0.3 49403 119.1 1147+ 0.8 44+08 169.4 1706 £ 1.1 -1+11
0.1 62.5 57.6 £0.2 49+0.2 120.8 11514+ 0.6 57+0.6 173.9 171.1+0.8 28+0.8
0.5 63.1 58.7 £0.2 44 +0.2 123.1 116.7 £ 0.3 6.4+0.3 178.2 173.2+0.2 5.0+0.2
1 63.7 60.2 + 0.5 35+05 124.8 118.7+1 6.1+1.0 181.0 175.7+1.1 5+1.1
2 64.8 63.4 + 0.6 14+06 127.2 1227 +1.2 45+1.2 185.0 180.6 +1.3 4+13
3 65.3 66.9 £0.2 —1.6+0.2 129.1 126.5+0.3 26+0.3 186.7 185.2+0.3 15+0.3
AX¢® 64+1 62 +5 2+3 124 £5 121 £5.5 5+£2 178 £ 9 178 £7 2+3
TR4
0 59.2 50.8 £ 0.3 8.4+03 1121 103.8 +0.2 83+0.2 148.7 136.9+0.2 11.8+0.2
0.1 59.5 51.0+0.2 85+0.3 113.9 104.1+0.2 9.8+0.3 153.4 137.3+0.1 16.1 £ 0.2
0.5 60.4 51.7+0.2 8.7+0.3 116.1 105.2+0.2 109+0.3 157.8 139.0+ 0.2 18.8 £ 0.2
1 61.2 52.6 £0.2 8.6 +£0.2 118.0 106.5 + 0.2 11.5+0.2 161.2 141.2+0.4 20.0+0.4
2 63.0 53.9+0.3 9.1+£03 1211 109.1+0.2 12.0+£0.2 166.6 146.2+ 0.5 204+05
3 64.6 54.8 £ 0.2 9.8+0.3 124.0 111.7+0.2 12.3+0.3 171.4 151.9+0.2 19.5+0.3
AXe® 62 + 3 52+ 3 9+1 118+ 6 108 + 4 10+2 160 + 11 144+ 8 l6+4
TE2
0 57.9 47.1+0.3 10.8 £ 0.3 110.4 101.1+0.2 9.3+0.3 155.5 153.7+ 0.4 1.8+04
0.1 58.1 47.3+0.2 10.8 £ 0.2 112.0 101.3+0.2 10.7 £ 0.3 159.8 154.1+0.3 57+0.3
0.5 58.7 48.1+0.2 10.6 £0.2 1141 1025+ 0.2 11.6 £0.3 163.9 1555+ 0.2 84+03
1 59.5 49.1+0.2 104+0.3 116.0 104.0 +£0.2 12.0+0.3 167.0 1575+ 0.3 95+03
2 61.0 50.9 £0.2 10.1+0.2 119.2 107.1+£0.2 121 +£0.3 171.9 161.7 = 0.7 10.2 £ 0.7
3 62.5 52.7+0.2 9.8+0.3 1221 1104+ 0.2 11.7+0.3 176.4 166.3 + 0.6 10.1 +£ 0.6
5 65.3 558+ 0.4 95+04 127.8 1174 +0.2 10.4+£0.3 185.5 176.9+ 0.7 8.6 +0.7
AXe® 62 +3 51+5 10+1 119+ 9 109 + 8 11+1 170 + 16 165 + 12 6+4
1,2d 59+ 2 52+ 2 7+05 101+6 98 +4 3+2 - - -
1,6d 66 +4 61+4 4+1 127 £9 123+ 9 4+1 - - -
1,8d 65+ 2 61+3 4+1 125+ 5 122+ 4 3+1 - - -
1,10d 65+ 2 62 +3 3+1 125+ 5 122+5 4+1 - - -
AYf 63+4 58+ 4 5+3 121 +£ 15 115+ 10 6+3 173 +£ 15 166 + 15 7+5

a AGP, AHO, and TAS? (in kJ mol2) refer to the reaction iH* + A? = H;Ai*. b In mol kg~1. ¢ Protonation constants were reported in ref
21. 9 >95% confidence intervals. ¢ Mean values of different thermodynamic parameters (approximately equal to the medians) + range
[(max — min)/2]. f Average value of all of the means.

and combining eqs 6 and 7, we obtain

AH; = AHP + RT ?[2(1 — i)f 7 0A /0T + 21 9P,/aT +
12 9P,/T + f, 8P4/0T + (1 — i)f, 9Baci/0T] (8)

with R = 8.3143 J mol~1 K™%, T = temperature in Kelvin,
and 3BnaciV/9T = 7.005 x 10~* (ref 25).

Results and Discussion

General Features of Protonation Thermodynamic
Parameters. Protonation constants of the various poly-
amines considered in this work have already been re-

ported.l’21 Enthalpies of protonation calculated from
calorimetric measurements for each ionic strength value
are reported in Table 2 (unsubstituted or partially substi-
tuted triamines) and Table 3 (fully substituted polyamines).
Enthalpies of protonation of diamines NH,—(CH;),—NH,
(n =2, 6, 8, 10) have already reported,?° and some of these
data are given in Table 2. A semiqualitative inspection of
the data reported in these tables leads to the following
considerations: (a) Unsubstituted or partially substituted
polyamines show exothermic protonation AH values (see
also ref 20 for diamines), with AH/(kJ mol~1) in the order
AH; > AH; > AHs. (b) Enthalpy changes for the protona-
tion of fully N-methyl-substituted polyamines are markedly
less exothermic than those for unsubstituted or partially
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Table 3. Thermodynamic Parameters? for the Protonation of Substituted Polyamines in NaCl at Different lonic

Strengths and at 25 °C

P —AG® —AH/° TAS®  —AG®  —AH TAS® —AG®  —AHZ TAS®  —AGL  —AH TAS,°
1,2ds
0 52.2¢ 29.240.2¢9 23.04+0.3¢ 84.4° 552+0.2¢ 29.2+0.39 — - - - - -
0.1 52.6 296+0.2 23.0+03 86.2 559+0.1 30.3+0.2 - - - - - -
0.5 537 31.1+02 226+03 89.0 58.7+0.1 30.3+0.2 - = - = = -
1 54.7 32.7+0.2 220+0.3 91.4 61.8+ 0.3 29.6+04 — — - - - -
2 56.6 352+03 21.4+£04 95.5 66.4+0.3 29.1+04 — — — - - -
3 58.3 36.8+05 21.5+06 99.1 69.0+ 05 30.1+0.6 - - - - - -
AX® 554+3 33+4 22+1 92+7 6247 30 £0.5
TR6
0 52.7 284 +02 2434+03 993 66.2+ 04 33.1+05 107.8 76.1+03 31.7+£04 — - -
0.1 53.0 288+0.2 2424+03 101.1 67.0+03 3414+04 1124 77.3+02 351+£03 — - -
0.5 54.0 30.2+0.2 23.8+0.3 1039 699+04 34.0+05 117.6 81.4+04 36.2+05 - - -
1 55.0 31.6+£0.2 23.4+0.3 106.6 73.0+0.8 336+09 1215 854+04 36.1+05 - - -
2 56.7 33.7+£0.2 23.0+0.3 1108 77.2+0.8 336+09 1275 89.1+05 384+06 -— - -
3 58.3 347+05 23.6+06 1146 78.6 0.8 36.0+09 133.2 87.4+05 458+ 0.6 - - -
AX® 55+3 3243 24+£05 107+8 7245 35+1 121+ 12 8245 39+7
TE1l
0 52.6 278+ 0.2 248+0.3 99.1 57.7+05 41.4+06 126.0 83.1+03 429+04 129.2 98.1+0.6 31.1+0.7
0.1 529 28.2+ 0.2 24.7+0.3 100.9 585+0.3 424+04 130.7 84.4+03 46.3+04 137.8 99.3+ 0.6 385+0.7
0.5 53.9 295+0.2 244403 103.7 61.8+0.2 419+4+0.3 136.0 88.9+£0.3 47.1+0.4 146.2 102.7 £ 0.6 43.5+0.7
1 54.9 31.0+£03 239+04 106.1 65.1+0.3 41.04+04 140.1 93.3+£0.3 46.8+ 0.4 151.6 104.2 £ 0.6 47.4+0.7
AX® 54+1 29+2 24 +£1 103+3 61+4 424+ 05 133+7 88 +5 45+2 140+12 10143 39+8

a AGP, AHY, and TAS? (in kJ mol™2) refer to the reaction iH* + A% = H;Ai*. ® In mol kg~1. ¢ Protonation constants are reported in ref
21. 9 >95% confidence intervals. ¢ Mean values of different thermodynamic parameters (approximately equal to the medians) + range
[(max — min)/2].

substituted polyamines. (c) The mean values, for the entire
1/(mol kg~1) range considered, are

for unsubstituted di- and triamines

~AG, = 9 + 55i 9)
—AH, =5 + 54i (9a)
TAS, =4+ (9Db)
and for fully substituted di-, tri-, and tetraamines
—~AG = 160 — 100/i (10)
—AH = 120 — 95/ (10a)
TAS = 40 — 5/i (10b)

-60 4
S
E _g0-
=
=
~
-100 1

o 1

2 3

(d) According to the different charge variations from
reactants to products, the dependence on ionic strength can
be expressed by the simple equations

AH, = 54.9i + 2.2il (11)

AH; =58 — 39/i + 0.8i(i — 1)I + 12i (11a)
for all unsubstituted and fully substituted polyamines,
respectively.

Note that, in the rough approximate equations, the
confidence intervals are quite large for AG and AH [ap-
proximately +5i/(kJ mol~1)] and surprisingly small for TAS
(approximately +2i/(kJ mol~1)]. As expected, egs 11 and
11a are affected by a smaller error [~2i/(kJ mol=1)].

Dependence on lonic Strength Using Polynomial
Equation. Two examples of dependence on ionic strength
are shown in Figure 1, where both AG and AH are plotted
vs I/(mol kg™t) for unsubstituted and fully substituted
diamines. Remarkable features include (i) the quite dif-

I/mol kg™

Figure 1. Dependence on ionic strength for the second protona-
tion steps of 1,2d and 1,2ds of AG and AH (AX) att =25 °C. The
symbols are A, AH; of 1,2ds; O, AG; of 1,2ds; O, AH; of 1,2d; and
V, AG; of 1,2d.

ferent behaviors of substituted and unsubstituted di-
amines, as in the first case, the curvatures of AG and AH
vs | are more marked than in the second, when the
quadratic term (eq 2) should be very small (see also
hereafter). (ii) In addition, the AG and AH curves are
almost parallel, indicating that the dependence on | of the
entropic term should be low. The trends shown in Figure
1 are very similar for the other amines and the protonation
step.

The dependence on ionic strength of AG and AH of
protonation can be expressed by eq 2, whose empirical
parameters are reported in Table 4. In all cases, the values
of E were constrained to be equal for homogeneous groups
of amines for the same protonation step. As can be seen,
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Table 4. Empirical Parameters C and E of Eq 2

amine i C E2 amine i C E? amine i C E? amine i C E2 amine i C E2 amine i C E2
12d 1 239 a 1,0d 1 318 a TR2 1 209 ¢ TR4 1 158 ¢ 12ds 1 416 f TE1 1 370 f
2 309 b 2 357 b 2 347 d 2 253 d 2 911 g 2 913 ¢
16d 1 287 a TR1 1 197 c 3 474 e 3 451 e TR6 1 367 f 3 1263 g
2 380 b 2 267 d TR3 1 334 ¢ TE2 1 205 ¢ 2 886 ¢ 4 967 ¢
1,8d 1 283 a 3 384 e 2 384 d 2 300 d 3 1112 g
2 340 b 3 450 e 3 380 e

a Common parameters: (a) E = —0.252; (b) E = —0.090; (c) E
—0.81i, i = 2—4.

Table 5. Empirical Parameters of Eqs 2a and b for the
Dependence of Enthalpies of Protonation in NaClq) at
25°C

C1 C2 e1 €2
diamines —-0.373 2.004 0.0106 0.42
triamines® —-0.213 1.791 0.0313 0.70
di- and triamines® —0.258 1.816 0.0510 0.57
di- and triamines¢ -0.27 1.86 0.025 0.8
(fully) substituted amines 0.119 3.215 -0.364 0.9

aMean deviation. ? Unsubstituted and partially substituted
triamines. ¢ Unsubstituted di- and triamines. 9 As before and
partially unsubstituted triamines.

for the same protonation step, for similar amines, the
values of C are quite similar. As observed in Figure 1,
quadratic terms (empirical coefficients E) are quite low for
unsubstituted amines. An attempt was made to rationalize
the I dependence for homogeneous groups of amines using
eqs 2a and 2b; numerical results are reported in Table 5.
The mean deviation observed by considering several amines
and protonation steps is quite low, particularly for unsub-
stituted di- and triamines, indicating the possibility of
using a few empirical predictive equations for estimating
the protonation thermodynamic parameters of many other
amines. Within a single class of amines, other parameters
can be taken into account to give general class empirical
parameters; for example, for diamines NH,—(CH,),—NHo,
equations can be obtained as a function of n, as previously
reported.?°

Dependence on lonic Strength According to Pitzer
Equation. The dependence on ionic strength of the ther-
modynamic parameters can be taken into account using
different models. The simplest equation is eq 2, i.e., a
polynomial expression. Among others, the most popular
equations are those related to the SIT (specific interaction
theory), which has been used mostly for the dependence
on ionic strength of protonation and metal complex forma-
tion constants, and the Pitzer equations, also widely used
for other thermodynamic parameters (AH, ACp, AV).

In the past two decades, many laboratories have con-
tributed to the implementation of a large database of Pitzer
interaction coefficients obtained from different experimen-
tal data.?6-32 The present calorimetric data were analyzed
using eq 8, i.e., the derivative of simplified eq 6. Empirical
parameters Py, P,, and P3, obtained from potentiometric
data, were already reported,?® and their temperature
gradients are given here in Tables 6—8. Calculations were
performed in different ways: by considering that the
gradients are fairly similar for homogeneous classes of
amines, we tried, by successive constraints, to obtain
parameters valid for all of the amines in a class. For
example, for the second protonation step of unsubstituted
or partially substituted triamines, we followed the proce-
dure: (i) calculation of dP1/3T, dP,/dT, and 0P3/dT separately
for all of the triamines (mean deviation from experimental

—0.07; (d) E = 0.04; () E=0.15; (N E=—0.54,i=1;and (9) E =

data € = 0.08); (ii) calculation of aP1/dT and aP3/dT for each
amine and of dP,/dT constrained to be equal for all of the
amines considered (e = 0.10); (iii) calculation of 9P,/dT with
constraints for dP,/0T and 9P3/0T (¢ = 0.18); and (iv)
calculation with all gradients constrained (¢ = 0.34). From
Table 2, we see that errors in AH, range from 0.2 to 1.2
(=95% confidence intervals), and therefore, even the last
approximation obtained by constraining all temperature
gradients can be considered satisfactory. In particular, we
note that the very low mean deviation observed for separate
calculations of the gradients (¢ = 0.08) can be attributed
to overparametrization.

For the other amines studied in this work (diamines and
fully substituted di-, tri-, and tetraamines) and for the other
protonation steps, analogous considerations can be made.
General equations can be implemented for a single class
of amines by taking other parameters into account. As an
example, for diamines NH,—(CH;),—NH,, we can express
oP./0T as a function of n for both AH; and AH,. In this
case, we have, for AH;, 9P1/dT = 1074(4.65 + 0.59n) with ¢
= 0.25 and, for AH,, 9P1/dT = 1074(1.62—0.23n) with € =
0.15. In turn, these equations give a relationship between
the gradient and log P (P = partition coefficient octanole/
water), because there is a perfect correlation between n and
log P.

Enthalpy Changes for the Interaction of Cl~ with
Polyammonium Cations. The dependence of AH of
protonation on ionic strength can be interpreted in terms
of enthalpy change contributions due to the binding of
chloride anions by polyammonium cations. In a series of
papers dealing with the dependence on ionic strength of
protonation and metal complex formation constants, we
tried to find the empirical parameters of a Debye—Huckel-
type equation and, in some cases, their temperature
gradients when the most significant interactions are taken
into consideration. This means, for example, that, for O
ligands alkali metal cation complexes must also be taken
into account®? and, for polyammonium cations, the forma-
tion of CI~ (or other monoanion) complexes must be
considered. In these studies,8-21 we found that, for I < 1
mol dm~3, the dependence on | of AH values is very low,
and some empirical equations have been reported for both
AH = f(I) and daC/dT (C = parameter for the dependence
on | of the formation constants). The | gradients for the
protonation of amines in NaClq are significantly higher,
and the differences can be interpreted in terms of chloride—
polyammonium cation complex formation. Formation con-
stants have been reported previously, and here, we calcu-
late enthalpy changes for these weak complexes. In Table
9, we report AH values for the formation of ACIH;(-D+,
together with AG and TAS, at infinite dilution. The values
of AH and TAS are quite low and very similar for all of
the amines here considered. In particular, the small
differences observed in AG between substituted and un-
substituted amines?° (in favor of substituted ones) are
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Table 6. Parameters for the Dependence on lonic Strength of Enthalpies of Protonation of Unsubstituted Diamines at
25 °C Using the Simplified Pitzer Equation (Eq 8)

amine oP1/0T x 104 P[0T x 10% oP3/dT x 103 € amine oP1/0T x 10% oP2/0T x 10% 0P3/dT x 103 e
AHJ_ AHZ
1,2d —8.64 - —1.53 0.18 1,2d 3.89 —5.29 —7.01 0.10
1,6d —7.66 - —3.39 1,6d —3.57 —3.00 —5.39
1,8d —8.57 - —3.23 1,8d 5.68 —6.01 —7.04
1,10d —9.47 - —4.01 1,10d 7.60 —6.44 —7.13
1,2d —6.11 - —3.14b 0.22 1,2d 0.22 —3.74 —6.07 0.11
1,6d —7.93 - 1,6d —-1.19 —6.11
1,8d —8.73 - 1,8d 0.35 —5.64
1,10d —11.14 - 1,10d 1.40 —5.56
AC —8.01P - —3.31 0.38 1,2d —0.61 —3.49P —0.574b 0.12
1,6d —2.10
1,8d 0.21
1,10d 1.40
A° 4.06 —5.6° —6.80° 0.25

a Mean deviation on the fit of eq 8. ® Common parameter for all the amines. ¢ Calculations performed by considering the amines altogether.

Table 7. Parameters for the Dependence on lonic Strength of Enthalpies of Protonation of Unsubstituted and Partially
Substituted Triamines at 25 °C Using the Simplified Pitzer Equation (Eq 8)

OP1/0T  0PL/0T  9P3/oT AP1/0T  0P,/0T  9P3/oT oP1/0T  0PL/0T  0P3/oT
amine x 10% x 104 x 103 e amine x 10% x 104 x 103 € amine x 10® x10% x 108 €
AH1 AH> AH3
TR1 —0.88 - —-1.83 0.075 TR1 0.44 —-45 —7.24 0.084 TR1 0.32 —5.8 —-12.0 0.16
TR2 —1.06 — —-1.36 TR2 —-044 -34 -5.10 TR2 —-0.42 —2.6 —-10.7
TR3 —-2.34 - 1.24 TR3 —0.33 0.5 —6.00 TR3 0.74 -4.9 -13.1
TR4 —0.65 - —-1.83 TR4 0.54 -6.6 —7.34 TR4 0.46 -10.1 —-12.4
TE2 —-1.10 — —-0.92 TE2 —-0.28 —-2.8 —-5.27 TE2 0.26 -3.9 —-11.2
TR1 —-1.02 - —1.05> 0.13 TR1 0.13 -—3.1P —6.48 0.10 TR1 -0.12 —-3.9° -109 0.18
TR2 —1.10 — TR2 —0.54 —4.77 TR2 0.05 —-12.3
TR3 —-1.93 - TR3 0.50 —8.10 TR3 0.52 —-12.6
TR4 —-0.79 — TR4 —-0.27 —-5.19 TR4 —0.98 —-8.7
TE2 —1.08 - TE2 —-0.15 —5.66 TE2 0.22 —-11.2
A —-1.07 - —-1.31 0.52 TR1 0.24 -39 —6.54*> 0.18 TR1 -0.14 —3.5» —11.1» 0.24
TR2 -0.17 TR2 -0.19
TR3 0.31 TR3 0.20
TR4 0.07 TR4 —-0.61
TE2 0.12 TE2 0.13
A 0.44 55 -7.30 0.34 Ac —-0.24 —2.8 —10.9 0.60

a—¢ See footnotes of Table 6.

Table 8. Parameters for the Dependence on lonic Strength of Enthalpies of Protonation of Fully Substituted Amines at
25 °C Using the Simplified Pitzer Equation (Eq 8)

amine  9P1/dT x 103 9P./dT x 103 9P3/dT x 103 € amine  9P1/dT x 103 9P/dT x 103 9P3/oT x 103 €a
AH; AH3
1,2ds -1.16 - —4.02 0.13 TR6 —0.96 1.26 —13.4 0.16
TR6 —-0.78 - —4.63 TE1 12.1 —-10.5 —38.2
TE1l —1.80 — —-1.23 TR6 —0.86 1.22 —13.7 0.20
1,2ds -1.15 - —4.12b 0.16 TE1 —0.05 —-15.2
TR6 —0.88 - TR6 —0.66 1.13 —14.2 0.20
TE1 —0.89 - TE1 —-0.81
Ac -1.14 - —3.42 0.25 Ac —0.56 1.12 —14.8 0.21
AH AH,
1,2ds —2.08 0.56 —5.40 0.07 TE1l 7.83 0 —30.0 0.22
TR6 —2.72 0.97 —5.10
TE1 —0.43 —-0.77 -11.17
1,2ds —2.25 0.63 —4.97 0.08
TR6 -1.92 -7.16
TE1 -19.4 —8.44
1,2ds —-1.69 0.48 -7.13 0.16
TR6 -1.74
TE1 —2.28
Ac —1.47 0.44 —8.32 0.23
a-¢ See footnotes of Table 6.
compensated by AH differences (in favor of unsubstituted AH;'* + CI- = ACIH;(-D%), according to the relation
ones), and the TAS values are pratically equal (within
experimental errors) and linearly dependent on i (reaction TAS = —7.7 + 5.5i (12)
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Table 9. Thermodynamic Parameters for the Formation of ACIH;(-)* Species® at | = 0 mol kg~ and t = 25 °C

amine i AGP AH &£ 3¢°¢ TASP amine i AGP AH 4+ 3¢°¢ TASP amine i AGP  AH 4 30P¢  TASP
1,2d 1 1.2 -10+0.6 -2 TR1 1 0 -1.4+0.3 -1 TR6 1 -05 —-4+1 -4
2 -34 09+03 4 2 -40 0.6+0.2 5 2 —57 —-3.7+06 2
1,6d 1 1.2 —-12+06 -2 3 -80 1.0+ 0.2 9 3 —94 —-254+0.6 7
2 —40 04 +0.2 4 TR2 1 0.6 0+1 0 TE1l 1 -06 —-25+18 -2
1,8d 1 1.1 -184+0.6 -3 2 —40 1.4+0.3 5 2 -57 —-33+06 2
2 -34 0.6+0.3 4 3 -80 1.44+0.3 9 3 -108 -—-28+0.6 8
1,10d 1 1.4 -3+1 ) TR3 1 1.7 -06+1 -2 TE2 1 1.7 —-7.2+£0.6 -9
2 —-35 1.8+ 0.6 5 2 —40 0.1+0.3 4 2 —-40 -16+0.2 2
12ds 1 -11 -26+03 -2 3 -85 0.7+0.3 9 3 —-7.7 -10+0.2 7
2 57 —-25+£0.2 3 TR4 1 0 -1.1+0.9 -1
2 —46 1.54+0.3 6
3 -80 1.0+0.3 9
aReaction: AH;" + CI~ = ACIH;(-D*, b Expressed in kJ mol~1. ¢ ¢ = standard deviation.

(linear correlation coefficient, r = 0.93), valid at I = 0 mol
kg™t and t = 25 °C.

Literature Comparisons. Few papers on the thermo-
dynamic parameters (particularly from direct calorimetric
measurements) for the protonation of amines can be found
in the literature,®~2! and to our knowledge, no systematic
study at different ionic strengths over a wide NaCl
concentration range has been reported. For example,
Martell and Smith* reported enthalpies of protonation of
linear diamines NH,—(CH),—NH; (n = 2-6) and of
N-alkyl-substituted di-, tri-, and tetraamines (1,2ds, TR6,
and TE2), but the data often refer to a single ionic strength
value. The agreement between our data and literature data
is good. For example, we previously found* AH; = —30.0
kJ mol~! and AH, = —27.0 kJ mol~1 for 1,2ds at | = 0.5
(our current values are —31.1 and —27.6 kJ mol~1, respec-
tively). Moreover, the values of AH reported in the litera-
ture follow the same trends described in the section
describing general features of protonation thermodynamic
parameters in this paper. For example, a marked effect can
be observed for the N-alkyl substitution (AH substituted
> AH unsubstituted) and a general decreasing effect on
AH for increasing ionic strength.

Final Remarks

The findings of this work can be summarized as follows:

(@) Thermodynamic parameters for the protonation of
polyamines are very similar for homogeneous classes (N-
alkyl-substituted and unsubstituted), and rough equations
can be written as a function of the protonation step (eqs 9
and 10) without taking into account the dependence on
ionic strength or considering the | variation (eq 11).

(b) The shape of the function AH = f(l) is quite different
for the protonation of substituted and unsubstituted amines
(Figure 1).

(c) Two models have been used to express the function
AH = f(I) for each amine and protonation step, namely, a
simple polynomial equation (eq 2) and the Pitzer equation.
In both cases, we found that empirical parameters are very
similar for each class of amines, and we report common
parameters (Tables 4—8).

(d) An attempt was made to calculate thermodynamic
parameters for the binding of CI- by polyammonium
cations (Table 9). The entropic term can be expressed for
all of the amines by a simple linear function of the
protonation step (eq 12).
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