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Abstract

The standard (p=0.1 MPa) molar enthalpies of formation in the crystalline state of the alkaline metal acetaf€©OM (M =Li, Na,
K, Rb, Cs), atT=298.15K, were determined by reaction-solution calorimetry/gg72(CH3COOLI, cr) = —(741.40+ 0.95) kJ mot?,
A+HS(CH;COONa, cr) = —(711.01+ 0.51) kImot?, A¢H(CH3COOK, cr) = — (722364 0.49) kImot?!, A;HZ(CH;COORD,cr) =
—(72231+1.09) kI mot?, A¢HZ(CH3COOCs,cr) = —(726.10+ 1.07) kJ moft. These results, taken together with the enthalpies of for-
mation of the haloacetates XGEOOM (M =Li, Na; X=ClI, Br, I) and chloropropionates CICH(GK-COOM (M =Li, Na) re-evaluated from
literature data were used to derive a consistent set of lattice energies, and discuss some general trends of the structure—energetics relationsh
for the CHCOOM, XCH,COOM, and CICH(CH)COOM compounds, based on the Kapustinskii approximation. It was found that the lattice
energies of the haloacetates are essentially independent of the halogen and ca. 17-25dadatiel than those of the corresponding acetates.
In addition, no significant difference between the lattice enthalpy values of the haloacetates and chloropropionates was observed. Finally,
linear correlations of very similar slope were obtained by plotting thelMbond distances derived from the Kapustinskii equation against
the published experimentalMD bond distances for alkaline metal acetates and alkoxides. The analysis of these relations suggests that the
metal-oxygen bond distances for the lithium, potassium, and rubidium acetates, whose molecular structures in the solid state have not been
determined, can be estimated as 214, 288, and 304 pm, respectively.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction picture suggests that the structures adopted in the solid state
atp=0.1 MPa andl =298 K strongly depend on the metal.
The alkaline metal acetates (gEIOOM, M =Li, Na, K, Thus CHCOOLi is triclinic, with Veen/Z=0.0876 nr [3],
Rb, Cs) have a wide range of synthetic, industrial, and medi- whereV,g is the unit cell volume and the number of asym-
cal applications [1,2]. Potassium acetate, for example, is usedmetric units it contains. For GZ€OONa two orthorhom-
as a diuretic and in the purification of penicillin; lithium ac- bic modifications are known, witRce/Z=0.0901 (form I)
etate is employed as a component of catalysts for the produc-and 0.0887 nifi(form I1), respectively [4]. Form Il seems to
tion of polyesters or as an additive to improve their physical be the thermodynamically stable one [4,9]. The potassium
properties. and rubidium acetates are monoclinic witke/Z=0.1055
A number of X-ray diffraction [3-6] and thermophysical and 0.1108n#y respectively [5,6]. Finally, CEHCOOCs
studies [7—12] have tried to elucidate the structures and phasedopts a hexagonal structure [5,6] witk/Z = 0.1467 nm
transitions occurring in these salts at different temperatures.[6]. Single crystal X-ray diffraction results available for
Although some conflicting results exist [3—12], the emerging the sodium [4,13] and caesium [6,13] derivatives indicate
that on average the metal-oxygen short contacts [14] are

* Corresponding author. Tel.: +351 21 7500866; fax: +351 21 7500088. UNa—0 =246 (form I) and 245pm (form II), andcs-0=
E-mail addressmemp@fc.ul.pt (M.E. Minas da Piedade). 322 pm.
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In addition to their industrial importance, these com- Al H¢(CH3COONa)= (17.4+ 0.2), (18.4+ 0.4) kI mot !
pounds are frequently used in discussions involving the ionic [7], 17.9 kJ mot? [7]; AL HS,(CH3COOK) = (12.0 + 0.2),
bond model in solids [15-21]. It is therefore surprising that (15.2 + 0.3) kJ mot?® [7], (7.65 + 0.07) kJ mot?
no systematic investigation of their enthalpies of formationin [10]; AL H2(CH3COORb)= (8.9+ 0.3), 11.0 kI mot? [7];
the crystalline state, from which the corresponding lattice en- Al H¢ (CH;COOCs)= (11.0+ 0.7), 12.0 kJ mot* [7].
thalpies can be derived, has been made up till now. These data LjC| (Aldrich, 99.999%), NaCl (J.M. Gomes dos Santos,
were obtained in this work from reaction—solution calorime- 99.89%) KCI (Aldrich, 99.99%), RbCI (Aldrich, 99.99+%),
try experiments and used to analyse the structure—energeticand CsCl (Aldrich 99.9%) used in the enthalpy of solution
relationship in the alkaline metal acetates based on the Ka-measurements were dried in an ovefia73 K and keptina
pustinskii approximation. desiccator over #Os prior to use. The enthalpy of solution of

acetic acid in the calorimetric solutions was measured using
a sample from Aldrich (99.99+%), which was distilled in
2. Experimental vacuum and kept under a nitrogen atmosphere prior to use.

2.1. General 2.3. Reaction—solution calorimetry

All operations involving the acetates were carried outin-  The reaction—solution calorimeter and the general operat-
side a glove box, under an oxygen and water-free (<1 ppm) ing procedure used in the experiments have been described
nitrogen atmosphere, or using standard Schlenk techniquese|sewhere [23]. The calorimeter consisted of a transparent
Differential scanning calorimetry (DSC) experiments were pewar vessel closed by a lid, which supported a stirrer, a
made using a temperature-modulated TA Instruments Inc.,quartz crystal thermometer probe, a resistor for electrical
2920 MTDSC apparatus, operated as a conventional DSC.calibration, and an ampoule breaking system. The assembled
The samples with masses in the range 1.5-4.5mg, wereyessel wasimmersed in athermostatic water bath whose tem-
sealed in aluminium pans and weighed with a precision of perature was controlled at 298103 K by a Tronac PTC-40
10~ g in a Mettler UMT2 ultra-micro balance. Helium (Air  ynit. In a typical experiment a thin walled glass ampoule was
Liquide N55), at a flow rate of 0.5chs™* was used as the  weighed to£10-°g on a Mettler AT201 balance and trans-
purging gas. The temperature and heat flow scales of the in-ferred to a glove box. It was then filled with the sample and
strument were calibrated as previously described [22]. The adapted to a glass tap through a silicone tube (Fig. 1). After

heating rate was 10 K mirt. removal of this set-up from the glove box the tap was con-
_ nected to a vacuumiNine. The tap was opened to the line,
2.2. Materials so that the sample could be maintained under a flow of N

at atmospheric pressure, and the ampoule was sealed with a

The commercial lithium (Aldrich 99.99%), sodium  torch. The two resulting pieces (closed ampoule + part of the
(Aldrich 99.995%), potassium (Aldrich 99.98%), rubidium  neck) were weighed and the mass of sample was obtained by
(Aldrich 99.8%), and caesium (Aldrich 99.995%) acetates sybtracting the mass of the empty ampoule.
were used without further purification. DSC analysis showed  The reaction or solution process under study was started
that the rubidium and caesium samples were amorphous topy preaking the glass ampoule in 125%af the calorimet-
a considerable extent, but that crystallization could readily ric Jiquid. This was preceded by an electrical calibration, in
be achieved on cooling after fusion. The §lLOORb and  which a potential difference of 3-4 V was applied to a8
CH3COOCs samples used in the calorimetric experiments resistance during 200's. The calorimetric liquid consisted of
were therefore fused inside a Schlenk tube under aatN a HCI:553.41HO0 solution (0.1 moldm?3 Merck, titrisol),
mosphere, and cooled at a rate of ca. 10KThiprior to  or diluted solutions prepared from it containing the appro-
use. The onseflon, and the maximumTmax, temperatures  priate amounts of acetic acid or MCl salts. On average, the

of the fusion peaks determined by DSC (the indicated un- gpproximate masses of sample used in the calorimetric mea-
certainties represent the mean deviation of two independent

measurements), and the published temperatures of fusion, Vacuum/Ny
Trus, were:Ton = (556.6+ 0.2) K, Trmax = (657.8+ 0.1) K,
Trus = (5574 2) K [7], Trus = (558+ 1) K [8] (CH3COOLI);
Ton=(602.5+ 0.2) K, Tmax= (604.1+ 0.2) K, Trys = (601.3 C

+ 0.2) K [7] (CH3COONa);Ton = (578.4=+ 0.1) K, Tmax =
(579.7+ 0.1) K, Trus = (578.7+ 0.3) K [7], Trus = 582 K [10]
(CH3COOK); Ton = (513.6+ 0.1) K, Tmax= (515.5+ 0.2) K,
Tius = 514 K [7] (CHECOORD);Ton = (464.7% 0.2) K, Trmax A) (B) (© ©)

= (467'8i 0'2) K, Tus =463 K [7] (CH3,COOCS). The corre- Fig. 1. System for sealing the glass ampoules used in the calorimetric exper-

sponding enthalpies of fusion WerALrH%(CH3COOLi) = iments. (A) Glass ampoule; (B) silicone tube; (C) glass tap; (D) connection
(126+0.1), 11.9 kI mot1[7], (11.90+ 0.22) kI mot1 [8]; to the vacuum/ line.

i} [(11
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surements of the processes (1)—(3) (see Section 3) were: fomable 1

reaction (1)m(CHCOOM) = 121 mg (M = Li); 154 mg (M
=Na); 254 mg (M = K); 220 mg (M = Rb); 321 mg (M = Cs).
For the dissolution process (2n(CH;COOH) = 115mg.
For the dissolution process (3i(MCI) = 141 mg (M = Li);
262 mg (M =Na); 312 mg (M =K); 193 mg (M = Rb); 322 mg
(M =Cs).

3. Results and discussion

The auxiliary enthalpy of formation data used in the cal-
culations are given in Table 1 [24-31]. All computed molar

Aucxiliary thermochemical dafa

133

ArHg/kImolt

H*, g
Li*,g
LiCl, cr
Na', g
NacCl, cr
K* g
KCI, cr
Rb", g
RbCI, cr
Cs'g
CsCl, cr
CH3COOH, |

quantities are based on the 2001 standard atomic masses [32kH,cooH, g

The standard molar enthalpies of formation of the metal
acetates CEHCOOM (M =Li, Na, K, Rb, Cs) were determined
from reaction—solution calorimetric studies of the processes
shown in Egs. (1)—(3):

CH3COOM(cr)+ a(HCI : 553.41H0)(aq)

rHg (1
A IIMCI + CHaCOOH+ (a — 1)HC

+a553.410](aq) ()

CH3COOH(l)+(a — 1) (HCI : [a553.41/(a— 1)]H20) (aq)

SOl I’?‘I 2
250 CH3COOH+ (a — 1)HCI + 1553.41H0](aq)

)

MCI(cr) + [CH3COOH+ (a — 1)HCI + a553.41H0](aq)

AsolHr%(3)
=2 IMCI 4 CH3COOH + (a — 1)HCI

+a553.4110](aq) 3)

The corresponding results are shown in Table 2, where the

CH3;COO, g
CICH,COOH, cr
CICH,COOH, g
CICH,COO ™, g
BrCH,COOH, cr
BrCH,COOH, g
BrCH,COO™, g
ICH,COOH, cr
ICH,COOH, g
ICH,COO , g

CICH(CH);COOH, |
CICH(CH)COOH, g
CICH(CH%COO0™, g

CICH,COOLi, cr
BrCH,COOLi, cr
ICH,COOLi, cr
CICH,COONa, cr
BrCH,COONa, cr
ICH,COONa, cr

CICH(CH)COOLI, cr
CICH(CH);COONa, cr
HCI:553.41H0, aq

(1536.202+ 0.080)
(685.783+ 0.080)
—(408.61+0.80)
(609.358+ 0.080)
—(411.153+ 0.080)
(514.26+0.80)
—(436.747+0.080)
(490.1014 0.080)
—(435.35+ 0.80)
(457.964+ 0.080)
—(443.04+0.80)
—(484.3+0.2P
—(432.8+2.5P
—(510.8+ 7.5¥
—(512.2240.49¢
—(430.03+ 1.047
—(560.4+ 8.5¥
—(466.98+ 1.08f
—(383.48+ 3.14f
—(517.2+9.0f
—(419.78+ 1.53)
—(333.31+ 1.84f
—(469.1+ 8.6¥
—(534.6+1.1F
—(469.7£1.2F
—(594.2+ 8.5¥
—(766.4+1.0f
—(724.0+ 1.4f
—(675.7+ 1.8
—(743.4+ 0.6
—(700.3+ 1.1
—(646.3+ 1.6
—(800.9+1.4P
—(772.1£1.1P
—(166.598+ 0.080)

2 Data from Ref. [24] unless otherwise stated; the enthalpies of formation
of the ions are based on the thermal electron convention.

b Ref. [25].
¢ The value

of AfHS(CHsCOO™, g) = —(5108 + 7.5) kI mot?

uncertainties qUOted rgprgsenttwme the Stand_ard_dewat'on Ofwas obtained as a weighed mean of the results derived from the
the mean of at least five independent determinations. Thes€yas phase acidity dataA acaHg,(CHsCOOH) = (1458.1+ 8.4) and
values in conjunction with the enthalpy of the dilution process AacigH:,(CH3COOH) = (1458.5+ 12.1) kI mol! given in Refs. [26,27],
(Tab|e 2); respectively, by usingAfHg(CH3COOH,g) and AtHg(H*, g) in
Table 1. The values ofAtH;(CICH,COO, g) = —(5604 £ 8.5),
AfHS(BrCH,COO™, g) = —(517.2+£9.0),  AfHL(ICH,CO0™, g) =
—(469.1+£86), and  A{HS[CICH(CH3)COO , g] = —(5942+

(HCI : 553.41H0)(aq)+ [553.41/(a— 1)]H20(l)

Adi H%(4>)(HC| : [4553.41/(a— 1)]H.0)(aq) () 8.5)kJmot! were derived from the gas phase acidity data,
AacidH5(CICH,COOH) = (1405.8+ 8.4),  AacidHy(BrCH2,COOH) =
calculated from published data [24], were used to derive the (14025+8.4), AacidHy(ICH2COOH) = (14004 + 8.4), and
AaciaH[CICH(CH3)COOH] = (1411.7+ 8.4) kJ mot?, published

enthalpy of the standard state reaction:
CH3COOM(cr)+ (HCI : 553.41H0)(aq)
— MCI(cr) + CH3COOH(l) + 553.41H0() (5)

in Ref. [26], and the enthalpies of formation of ¢g), CICH,COOH(g),
BrCH,COOH(g), ICHCOOH(g), and CICH(CH)COOH(g) given in
Table 1.
d Recalculated from the data in Ref. [28].
€ Ref. [29].
as: f The values of the enthalpies of formation of the haloacetates previously
reported in Ref. [30] were revised in the present work by using the enthalpies
ArI‘IrC{«](S) = ArHr?'](l) - AsoIHr%(Z) of formation of CICHCOOH(cr), BrCHCOOH(cr), and ICHHCOOH(cr)
are given in Table 1.
— AsolHip(3) — (@ — 1) Adi Hiy(4) © "9 Ref 31

The standard molar enthalpies of formation of the acetates
were finally derived from the corresponding Hy;,(5) values
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Table 2

Results of the reaction—solution calorimetric experiments og@POM alkaline metal acetates, Bt 298.15K (data in kJ mcjll)

Compound M=Li M=Na M=K M=Rb M=Cs

a 6.57294 6.06697 5.27843 7.71466 7.49214
ArHR (1) —(22.45+0.24) —(15.97+0.34) —(16.76+0.22) —(16.77£0.16) —(19.30+0.53)
AsolH(2) —(2.12+0.28) —(2.12+0.28) —(2.12+0.28) —(2.12+0.28) —(2.12+0.28)
AsolHp(3) —(35.20+£0.29) (4.23+0.11) (17.6A0.24) (16.33:0.63) (17.69:0.31)
Adit Hy(4)2 -0.041 —0.045 —0.052 —0.035 —0.036
ArHR(5) (15.09+0.47) —(17.85+0.45) —(32.09+£0.43) —(30.74+0.71) —(34.64+0.67)
AtHj(CH3COOM, cr) —(741.40+0.95) —(711.01+0.51) —(722.36+0.49) —(722.31+1.09) —(726.10+1.07)

@ Data from Ref. [24].

and the auxiliary data in Table 1 as: 683 kJ mot! (M=K). Also included in Table 3 are the lat-
o tice energies of the haloacetates XZHDOM (M =Li and
At Hip(CH3COOM., cr) Na; X =ClI, Br, I) and chloropropionates CICH(G}OOM
= —ArHy(5) + AtHy(MCI, cr) (M =Liand Na), which were derived from the auxiliary data
o in Table 1. The obtained results for the haloacetates are essen-
+ AtHpn(CH3COOH, 1) tially independent of the halogen and 17—25 kJMamaller
— AfH;(HCI : 553.4110, aq) @) than the corresponding values for the acetates. It is also in-
) o . teresting to note that no significant differences are observed
The obtained values are indicated in Table 2. The petweem |y Usysfor the haloacetates and chloropropionates.
AtHp(cr) results shown in Table 2 for GEOONa and A comparison of the lattice energies of the acetates,
CH3COOK differ from At Hi;,(CH3COONa, cr) = —708.81  pgjoacetates, and chloropropionates with those of the corre-
and At Hyp(CHsCOOK, cr) = —723.0kmot™, previously  gponding hydroxides, (1021200.5) k mot® (LiOH) [36],
reported in the NBS Tables [24], by 2.20 and 0.64 kJmhpl (885.2+ 0.5) kI mott (NaOH) [36], (789.3+ 0.5) kJ mot
respectively. The value of GGCOORD in Table 2 is in ex- (KOH) [36], (758.5+0.5)kJmot! (RbOH) [36], and
cellent agreement with that published by Johnson and Warr(725_4i 0.5) kJ mot (CsOH) [36], is shown in Fig. 2.
[-(722.6+ 1.0) kI mot 1] [33]. The lattice energy values obtained in this work may be

If ionic structures are assumed for the §3OOM com-  analysed by using the Kapustinskii approximation repre-
pounds inthe solid state, the corresponding lattice energies akented by Eq. (10) [16,17]:

T=298 K are given by the internal energy changes associated

with the following process at that temperature [15-18]: AlatUp[XCH(R)COOM]

CHsCOOM(cr) = M*(g) + CHsCOO™(g) 8) = 1.079x 10°(Z+ Z_/(ry + 1)) (10)
ergy of the XCH(R)COOM salt (M=Li, Na, K, Rb, Cs;

AatU595(CH3COOM) X=Cl, Br, I; R=H, CHg) at 0K in kI mot, v is the num-

— A{HS,(CHsCOO, g) + AtHE(M™, g) ber of ions in the molecule (in this casez=2), Z+ and
— AfH;(CH3COOM, cr) — 2RT (9) Table 3
Lattice energies of alkaline metal acetates and propionates (data in
where R is the gas constant anfl the absolute tempera-  kJmol?)?

ture. TheAatUsq5(CH3COOM) values computed from Eq.  compound Experimental Eg. (10) A

(9) using the auxiliary data in Table 1 are listed in Table 3 CHsCOOL| 011.4L72 914 56
under the heading Experimental. For sodium and potas-cicH,cooLi 886.8+ 8.6 877 9.8
sium the obtained results are in agreement within the exper-BrCH,COOLi 887.6+9.1 877 10.6
imental error with AjaU5¢5(CH3COONa)= 807 kJ mott ICH2COOLI , 887.6+8.8 874 136
and 4|atQ§98(CH3COQK) = 726 kJmot! reported in' the gﬁlé(ggtz;:oou ggz_'esi 3:(13 2;3 1193;5
compilation by Jenkins and Roobottom [34]. For lithium, cjcH,coona 787.44 8.5 793 56
however, the value in Table 3 is 68.4 kJ mbigreater than BrCH,COONa 787.5£9.1 793 5.5
AjatU59g(CH3COOLI) = 843 kJ mot® quoted in that com-  ICH.COONa 781.8+8.7 790 8.2

pilation [34]. Considerable differences are generally found C!CH(CHs)COONa 782.3:8.6 790 7.7
CH3COOK 720.9£7.2 724 31

between theA|atU§98(QH3COOM) results in Table 3 anq CHsCOORb 696.747.2 692 47
those predicted by Kim et al. [35] based on a correlation ch,coocs 668.3.4 7.2 660 8.3
of experimental lattice enthalpies and gas phase heterolitic™a 11,2 orma — | A mUs0a(€XP)— AU (EG.10) represents the absolute

bond dissociation enthalpies calculated by density func- vaie of the difference between the values of the experimental lattice en-
tional theory: 848 kJ mof* (M = Li), 752 kd mol1 (M= Na), thalpies and those obtained from Eg. (10).
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Fig. 2. Lattice energies of alkaline metal hydroxides, acetates, and chloro-

propionates.
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Fig. 3. Plots of the experimental interatomic distandgs-o in alkaline
metal acetates, methoxides arimitoxides against the corresponding r_
[see Egs. (12)—(14), respectively].

Z_ are the charges of the cation and the anion, respec-

tively, andr; andr_ the corresponding thermochemical radii
in pm. Note thatA:Uy[XCH(R)COOM] is related with
AjatU59gXCH(R)COOM] in Table 3 through Eq. (11):

AjatU59gl XCH(R)COOM]
= AjatUg[XCH(R)COOM] + (H5gg — Hp)yy+
+ (H398 — Hp)xchr)coo-
— (Ha98 = Ho)xcr(rycoom — 2RT (11)
where R is the gas constant andl = 298.15K.

The information needed to compute the correction
term X = (Hgg — Hp)y+ + (H308 = Ho)xcrrycoo —

(Hgg — HO)XCH(R)COOM 2RT is only partially available
for the compounds studied in this work [8-10,24]. A value of

X smaller than the uncertainty that affects the experimental
values of the lattice enthalpy in Table 3 is, however, expected.

For example, in the case of the Li, Na, and K hydroxides
X = 2.43, —0.64, and—2.30kJmot?, respectively [24].
Hence, in the following discussion it will be considered that
AjatU59g XCH(R)COOM] = AjqtU5[XCH(R)COOM].

From Eg. (10) and the experimental\atUsgg
[XCH(R)COOM] data in Table 3 it was possible to derive the
M—OOC(R)CHX interatomic distances,.+(¥r_). The ob-
tained results in conjunction with the ionic radii of the cations
given by Shannon [37}+(Li*) =90 pm,r.+(Na*)=116 pm,
r+(K*)=152 pm, r.(Rb*) =166 pm, andr.(Cs")=181pm
lead to the following average values for the radii of the an-
ions:r_(CHzCOO ) =146 pmy_(CICH,COO ™) =156 pm,
r_(BrCH,COO™ ) =156 pm,_(ICH,COO ) =157 pm, and
r_[CICH(CH3)COO ]1=157 pm. As shown in Table 3 using
this set ofr, andr_ values and Eq. (10) it is possible to
reproduce the experimental|oUs[XCH(R)COOM] data
with an average deviation of 8.7 kJ mdland a maximum
relative deviation of 2.4%.

When ther, +r_ distances calculated from Eg. (10)
for the sodium and caesium acetates+r_ =262 pm for

CH3COONa and 327 pm for G OOCs, respectively) are
plotted against the corresponding distanigs-o = 245 and
dcs—0 =322 pm quoted above, the following linear relation
is obtained:

dv—oocch = 1.185x (r+ +r-) —65.369 (12)

If the same correlation is applied to data for alkaline metal
methoxides andrbutoxides the two following equations re-
sult [36]:

dv—ocH; = (1.182+£ 0.033) x (ry +r-)
—(68.87+9.11) (13)
—0'C4Hg = (1.1604+ 0.0993) x (ry +7r-)
—(9270+ 30.55) (14)

Egs. (12)—(14) have very similar slopes (Fig. 3). This suggests

' that by using Eq. (12) and +r_ =236 pm (Li), 298 pm (K),

and 312 pm (Rb) derived from Eq. (10) the following aver-
age bond distances may be predicted for the lithium, potas-
sium, and rubidium acetates, whose molecular structures in
the solid state have not been determinéd:—-o =214 pm,
dxk—o0 =288 pm andlrp—0 =304 pm.
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