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Abstract

A series of alkylammonium-alkylcarbamates with different chain length including transdermal permeation enhancer Transkarbam 12 have
been prepared and characterized by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), temperature-dependent Fouri
transform infrared spectroscopy (FTIR) and temperature-dependent X-ray powder diffraction. Four transitions have been observed includin
solid—solid transition (1), melting (1), decomposition of the carbamate salt (Ill) and boiling of the released amine (IV). The first transition was
connected with rearrangement of the hydrocarbon chain packing and unusual shift of symmetsizeBttiing vibration in the IR spectra to
lower wavenumbers indicated increase of conformational order. The second transition represented melting of the molecule and the third one w
attributed to the decomposition of the carbamate salt into two amine molecules and carbon dioxide as evidenced by combination of DSC and TG,
curves.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction chemistry[7]. The fixation of CQ and its transfer to the organic
substrates in the Calvin cycle is also initiated by the formation
Alkylammonium-alkylcarbamates (AAACs) are of a great of the metal carbamate complf.
importance in biology and industrial applications. Trapping of We have previously reported a novel group of transdermal
CO» by an amine is valuable for COemoval in various indus- permeation enhancers based on AAACs, particularly 5-(dode-
trial processes such as greenhouse gas control, industrial synthegdoxycarbonyl)pentylammonium - §dodecyloxycarbonyl)pe-
sis[1] and natural gas purificatid®]. NASA is currently using  ntylcarbamate (Transkarbam 12, T1®)10]. The substance
a solid amine sorbent for Gemoval in space shuttle applica- enhanced skin transport of drugs with a wide spectrum of
tions[3]. Carbamates of long-chain aliphatic amines are knowrphysicochemical properties, displayed low toxicity and no
to gel a variety of organic liquidB!]. A reversible reaction of dermal irritability. Moreover, an in vitro evaluation showed
CO, with fluorescently active amine in polar aprotic solvent biodegradability of the compound. One of the hypotheses of
rapidly yields carbamic acid salt, which significantly enhanceshe mechanism of action of the carbamate enhancers is;a CO
its fluorescence. Such GGensors have been proposed to berelease in the intercellular stratum corneum lipid lamellae.
useful in anesthesiolod$]. AAACs are formed by reacting COwith two equivalents
A series of experiments have been published recently dealingf a variety of primary and secondary amines, except in case
with the chemistry of carbamates at metal centers, i.e. the coorddf steric hindrancgl1] (Scheme 1). The reaction proceeds both
nation of CQ [6]. Various coordination modes of the carbamatewith neat amine and in solution. In aqueous solutions, maximum
ligands have been reported that could display rich coordinationarbamate formation is observed at pH values corresponding to
the pKa of the ammonium groups, e.g. 9-10 in the case of the
a-amino alkyl groupg12]. The extent to which the position of
* Corresponding author. Tel.: +420 495 067497; fax: +420 495 514330.  €quilibrium shifts in these thermodynamically driven reactions
E-mail address: katerina.vavrova@faf.cuni.cz (K.avro\a). depends upon the type of amine, its concentration, the pressure
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O, N o) 9.3%); vmax(nujol)/cn! 3331, 2170, 1652, 1574, 1320, 1306
2 R—NH, =———= R—NH, >—HN—R and 11515(300 MHz; CDC} + TEA) 7.76 (3H, br s, NH),
heating -0 4.50 (1H, brs, NH), 3.00 (2H,1,6.9, CEbNH), 2.70 (2H, ] 7.7,

¥
Scheme 1. Synthesis and decomposition of alkylammonium-alkylcarbamatesf[:. fiﬁ?%i’ (jég;’_]r'rleézghg;: 2%61(633,_%,;176(82 ,H2’>r<n’CIc-:Ig:

. 8c(75MHz; CDCk+TEA) 163.4, 41.8, 40.6, 31.8, 30.7, 29.3,
of COp and temperature. Several reports on the preparation (509_3 26.8. 226 14.1.

crystalline alkylcarbamic acids at low temperatures have been

published as wel[13]. AAACs are usually crystalline com- 2.1.2. Nonylammonium-nonylcarbamate (C9CO;)
pounds stable at neutral and weakly basic pH levels; however, White crystals; yield: quant.; mp 70-8¢; (Found: C, 68.7;
AAACs with short chains are hygroscopic and unstable. Thq_L 12.9: N, 8.5. Calc. for @H4oN20,: C, 69.1; H, 12.8; N,
reaction is reversible by heating or in an acidic environment. 'rB.S%);vmaX(nujol)/cm‘l 3331, 2173, 1651, 1574, 1314, 1151,
strongly basic solutions, carbamates are readily decomposed &g
form an alkylammonium-carbonaj2,14].

AAACs formation and breakdown and their equilibria in , ; 5 Decylammonium-decylcarbamate (C10CO5)

solutions have been extensively stud[@dL5]; however, little White crystals; yield: quant.; mp 72-88; (Found: C, 70.7;
attention has been paid to the thermotropic phase behavior apd 12 4. N” 8.0, Calc. for @1I—'|,46N202C 703 H. 12.9° N.

the decomposition of these compounds in a solid $iai€—18]. 7.8%); vmax(nujol)/cm1 3331, 2165, 1650, 1567, 1321, 1305,
We aimed to study the thermotropic phase behavior of a serief,152 817,

of model long-chain AAACs, and the permeation enhancer
T12. The methods used in this work include differential scan-, ; , Undecylammonium-undecylcarbamate (C11CO3)

ning calorimetry (DSC), thermogravimetric analysis (TGA), White crystals; yield: quant.; mp 75-88; (Found: C, 71.0;
temperature-dependent Fourier transform infrared SPectroscopy 13 2- N 7.3. Calc. for &HsoN20» C, 71.45; H, 13.0; N

(FT|R) and temperature-dependent X—ray powder diffraction. 725%),l)max(nUJO|)/Cm_l 3331, 2169, 1651, 1568, 1315, 1151'

817.
2. Experimental
) 2.1.5. Dodecylammonium-dodecylcarbamate (C12CO>)
2.1. Synthesis White crystals; yield: quant.; mp 73-8@; (Found: C, 72.1;
H, 13.4; N, 6.85. Calc. for &Hs4N20> C, 72.4; H, 13.1; N,

All chemicals were purchased from Sigma—Aldrich (Darm‘6.75%);vmax(nujol)/cm—1 3331, 2170, 1650, 1567, 1315, 1151,
stadt, Germany). Transkarbam 12 was prepared as describggl;.

previously[19]. 1H and13C NMR spectra were measured on a
Varian Mercury-Vx BB 300 instrument, operating at 300 MHz 5 ; 4 Hexadecylammonium-hexadecylcarbamate
for 1H and 75 MHz for'3C. The NMR spectra were recorded (C16CO5)

in CDCl3 solution with five drops of triethylamine (TEA) to White crystals; yield: quant.; mp 82—8€; (Found: C, 74.85;
neutralize the trace amounts of deuterons presenting@t 1 134: N, 5.4. Calc. for &H-0N20, C, 75.2: H, 13.4: N,

would cause carbamate decomposition:3@ NMR spectra, a 5.3%); vmax(nujol)/cnt 3331, 2152, 1647, 1657, 1314, 1157,

signal of the carbamate carbonyl appeared at 163.4 ppm-H he 816.

NMR spectrum showed two different signals corresponding to

two differenta-methylene hydrogens. The elemental analyse® >, psc

(C, H and N) were performed on a Fisons EA 1110 CHNS-O

elemental analyzer. Melting points were measured on a Kofler The thermograms were recorded in the temperature range

apparatus at 4C/min and were uncorrected. of —90 to 200°C using a Netzsch DSC 200PC instrument
General procedure for the preparation of AAACs: the perti-(NETZSCH-Geatebau GmbH, Selb/Bayern, Germany) at a

nent amine of 10 mmol was dissolved in 200 ml dry diethyl etherscan rate of 5 and °IC/min, respectively. Samples of ca. 4 mg

and dry CQ was slowly introduced into the mixture for 20 min. were placed in an aluminum crucible with a perforated lid for the

The process of crystallization started after several seconds, wheslease of rising gas. The “sample + correction” measurement

the solution began to thin. The crystalline product was filteredvas used and Nwas applied as the purge gas at 20 ml/min.

off using dense filter paper and dried oveCro for 2 h. The phase transitions were characterized by the onset or end
Toinvestigate the possible influence of a solvent, C8@&s  temperatures, which were determined with an accuracy of 0.8%

also prepared from acetone, hexane, toluene and water solutidsly exploration of the most rapid increase in the excess heat

In case of the aqueous solution, the carbamate was preparedpacity curve using Netzsch Proteus, Thermal Analysis soft-

from octylammonium-chloride and NG&O;. ware, Version 4.3. The enthalpy change (AH) was obtained by
integrating the area under the transition peak with an accu-
2.1.1. Octylammonium-octylcarbamate (C8CO;) racy of 0.83%. The enthalpy of overlapped peaks was deter-

White crystals; yield: quant.; mp 71-8C; (Found: C, 67.1; mined from the area under the fitted peaks using the PeakFit
H, 12.55; N, 9.1. Calc. for GH3gN2O2: C, 67.5; H, 12.7; N, software v.4.
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2.3. TGA |exo v

The thermogravimetric behavior of the AAACs was analyzed |
using a Stanton Redcroft TG 750 instrument (England). A sam- 1l
ple of 6 mg was examined in an inert atmosphere at a heating 8
rate of 5°C/min.

2.4. FTIR spectroscopy m

DSC (mW/mg)
n
1

s
|

The temperature-dependent IR spectra were collected on
a FTIR NICOLET NEXUS EURO spectrometer (Mid-IR),

—

equipped with a DTGS/KBr detector and XT-KBr beamspliter. o_
The thermostat (Optistat CF-V/Oxford Instruments, KSR5 win- 40 60 80 100 120 140 160 180 200
dows) was equipped with a temperature control accessory Temperature (°C)

(temperature regulator =1TC 503, LabView6.1/NationaIInstru—F_ 1 TheDSC . SGmin: heati
ments) and membrane vacuum pump (allowed vacuum abo(f%: 1+ The DSC curve of CBCGLata temperature scan rate of&/min: heating
. . rom room temperature to 20C.
0.3kPa). The temperature dependence was studied in the range
of 25-130°C in 1°C/min increments. The background was , ) ,
sociated witlAH =118.1 kJ/mol. Overlapping of the peaks

acquired against empty shutter at room temperature. The specf’i‘a )
were recorded with 64 scans (77s) automatically every sed) @nd (Il) was observed at longer-chain AAACs (see below).

ond minut of heating with the resolutions of 2ci To obtain 11 DSC curve of C8C@collected at a scan rate of C/min
transparent KBr disks, it was necessary to add the substance gpnstitutes the transition (1) with the onset/end temperature of
C8CQy (0.7mg) to the ground KBr (300 mg) without mixing 48.6/53.3C, the transition (II) with onset/end temperature of
the compounds together in a molecular mill. For examinatio 0.6/85.6°C and the transition (l11) With. the same onset value
of the overlapped peaks in the region of 1680-1525tReak- as the peak (Il) and the offset_at 100 (Figs. 9 and 11).

Fit software v.4 was used. The temperature dependence of the | the second DSC experiment, C8&@as heated up to

band intensity was interpreted according to the reference barf 'C: cooled down to 20C and then reheated to 100 at a
at 2800—3000 crmt. scan rate of 3C/min (Fig. 2). During the first heating, transition

(I) was observed, however, none was detected during cooling.
During the second heating up to 180, only the transition (I1)
was observed; transition (l) was absent.

The diffractograms were measured in the reflection mode " the third DSC experiment, the behavior of C8£®as
on the Bruker D8 Advance (Bruker Optik, Ettlingen, Gerrpany)exam'ned in a range of temperatures frerf@0 to 120°C at a
diffractometer operating with Cu Kol radiation £1.54184,  Scan rate of SC/min (Fig. 3, Table 1). First, the sample was

40KV, 30 mA) equipped with a secondary beam monochromaheated from-90°C to 67°C, i.e. over transition (I), and cooled

tor and a scintillation detector. The intensities were recorded® —90°C. In contrast to the second experiment, an exothermic
in the scattering angle of & 2 < 35°. The sample heating was P2k (Ib) appeared. During second heating toIDdransition

achieved by a current connected Pt strip. The temperature depei) @Ppeared at 44:&. At cooling to—90°C and reheating to

dence of the X-ray diffraction was studied i’ @/min steps.
Lamellar spacing was calculated according to the Bragg’s law: I
d=nMl2siny, whered is the distance between the two parallel
planes é), n the diffraction ordersj the wavelength of the
X-ray beam and is scattering angle.

2.5. X-ray diffraction

3. Results g
=
3.1. DSC £
O
w
[m]

The DSC thermogram of C8CGQecorded at a scan rate of
5°C/min exhibited four endothermic peaks (Fig. 1). The first
transition (1) with the onset/end temperature of 52.5/6Q.4vas
accompanied by H = 11.7 kd/mol. The position of the transition T T T
(I) did not change in C8C®precipitated from diethyl ether, 30 35 40 45 50 55 60 65 70 75 80 85 90 95100
acetone, hexane, toluene and water, respectively. The second Temperature (°C)
peak (I_I) at 85.0/91.5C was connected WlthH': 36.0 kJ/mol. Fig. 2. The DSC curve of C8CQat a temperature scan rate ofG/min: (1)
The third peak (lll) showed, after the peak fit, the same onseéteating to 67C, (2) cooling to room temperature and (3) second heating to
value as the peak (Il) and the offset at 80 This transitionwas  100°C.




T. Holas et al. / Thermochimica Acta 441 (2006) 116—123 119

1204
1 Transition (1) - -4 _4 e SR A
1104, y=0,1x+114,3
T .
70 -
60 I
g S 504 Transition (I1) .
£ £ , y=4,4x _-e
z 2 40+ R=098 #"e
£ = ] . > Transition (1)
3 5 %07 . y=1,4x
e 20 e R=099 ___-u
J Pid ‘-.‘._,_._,.-
10 -7 -
. -
{0 -
0 T T T T T T T T T T T T T T T T
T N L L 0123 456 7 8 910111213 141516

T T T T T T T T
80 -60 -40 20 O 20 40 60 80 100 120 hydrocarbon chain length

Temperature (*C) Fig. 4. The dependence of the enthalpy change at transition (1), () and (Ill) on

Fig. 3. The DSC curve of C8CQat a temperature scan rate of&/min: (1) the hydrocarbon chain length of the selected AAACs at a temperature scan rate
heating from—90 to 67°C, (2) cooling to—90°C, (3) heating to 106C, (4)  0f 5°C/min.

cooling to—90°C and (5) heating to 12CC.
proved to be a more valuable tool to study the thermotropic phase

120°C, transitions of free octylamine -A and A and transitions behavior of AAACS.

-lc and Ic were observed as shownHig. 3. The peaks (-1b),
(-11), (-Ic) and (-A) were in enthalpy relation to (Ib), (II), (Ic) 3.2. TGA
and (A), respectively (Table 1). With repeated heating/cooling .
cycles from—90°C to 100°C and back to-90°C, transitions Incontrastto DSC, TGA uses an open pan for analysis. For the

(11 and (111) shifted to lower temperatures each cycle and ﬁna“ymiaasurement of the weight Iossl connectebd with cartr)]c.)nhdcljomde
disappeared, while the position of transition (Ic) was stable. release, it was necessary to select a carbamate, which decom-

Fig. 4describes the relationship between the enthalpy Chandrégtsijitigg?eabn;?aeui Ig\g’i ;ﬁll?;irl:teyéuiﬁgg fgfr bﬁ;%eégis
of the transitions (1), (1) and (II1) and the chain length of AAACs ; )
(0, {n (Im g lamine was observed. Therefore, C16C@as chosen as the

at a scan rate of 8€/min. While the enthalpy change of the del AAAC i q bine the DSC and TGA |
transition (ll11) was independent of the chain length, the enthalp§n9 € In order to com 'm.a.t € an results
Fig. 5). Although the three transitions of C16&®@ere over-

change associated with transitions (1) and (1) exhibited a positi
g ! W tions (1) (1) exhibi pOSItV apped, TGA results confirmed that @@ released from the

linear dependence on the chain length. : . o .
Similar DSC experiments were performed for the skin per_carbamate not until the end of the third transition (as evidenced
by 8.4% loss of weight).

meation enhancer T12 at a scan rate d€fnin (Fig. 6). During o . .
Similar experiments were performed for the permeation

heating, the transition (I) with the onset/end at 49.2/5@.and . ! . ;
AH = 13.8 kJ/mol, the transition (II) with the onset at 68&and enhancer T12 (Fig. 6). The first transition was not accompanied
' y any weight loss and after the second one, the sample still

AH=119.4kJ/mol, and the transition (Ill) with the same onsetb . . !
as (Il)andA H =108 kJ/mol were observed. No boiling pointwas retam'ed about 99%.0f !ts initial W?'ght- Th.e. 1% loss could be
detected under 20, because of high molecular weight of the explained by the beglnmn_g_ofthe third transition at the same tem-
released amino ester. The DSC curve of T12 did not reach tH&Srature. Only atfter transition (Ill), Grom the T12 molecule

baseline between the transitions (I) and (Il), therefore CBCO

37 T T T T T T T T T T T N 102
+100
Table 1 [ o8
Description of the peaks observed in the third DSC experiment [ o6 a
DSC heating/cooling°C) Peak Onset/endC) AH (kJ/mol) [ o4 %
r (=}
1.-90— 67 o 52.5/60.4 117 r92 o
2.67— —90 (-Ib) —30.0/-70.0 -9.9 -9 3
N o
3.-90— 100 (Ib) 44.8/52.5 9.9 F 88 g
(Iny 85.0/91.5 36.0 r8 &
Lga S
4.100— —90 -1 41.9/48.5 -9.3 [ g2 =
(-lc) 8.3/-10.6 —-4.8 o 80
- — _ _ T v T J T J T T T T T T
A) 10.7/-22.0 154 40 60 80 100 120 140 160
5.-90— 120 (A) —1.4/3.0 15.3 Temperature (°C)
(Ic) 33.9/41.5 5.1 )
(1 41.9/72.9 9.3 Fig. 5. The DSC and TGA curves of C16¢@t a temperature scan rate of

5°C/min: dashed lines represent the release of carbon dioxide from the carba-
@ Calculated for free amine. mate structure.
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S O & e a0 100 zof > '-_E | ad
-g Temperature ("C) 96 _ée 3 3332
3 Ceowules & 5 ’
E felease of CO,= 6.9 %[-94 2 3330+ /
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Fig. 6. The combination of DSC and TGA curves of T12 heated from 25 to Temperature (°C)

160°Cat atgm_perature scan rate 6K&min. Dashed lines repre_se_ntthe_rel«_ease Fig. 8. Temperature dependence of band position of the NH stretching vibration
of carbon dioxide from the carbamate structure. The arrow in inset indicate ’

8 . at a temperature scan rate 6f@/min.
that the curve does not reach the baseline between transition (I) and (Il) as in

the model carbamate C8GO . ) .
the intensity started to decrease and the band completely disap-

: _ peared at 95C (Fig. 9).
was lost. It confirms that the degradation of the carbamate salt

is not connected with transition (1) but (111). Similar dependence
of TGA on DSC was also observed in other T12 analogs wit
different functional groups instead of the ester 2.

3.3.1.2. Combination band of RNH;3* torsion and antisymmet-

ric RNH3* deformation. The band at 2170 cnt indicated the
presence of ammonium iorj&1] because the other RNH
bands were overlapped by those of NH and amide Il. The band
3.3. FTIR spectroscopy position was not temperature-dependent, however, its intensity

behaved similarly to the NH vibration (Fig. 9).
The infrared spectra of C8COneasured in KBr at 41, 66 v imarty v lon (Fig. 9)

and 100°C are shown ifirig. 7. The spectrum at 4T is consis-
tent with that measured at room temperature, except for the N
vibration as discussed below. Released,®@s not observed
in the spectra.

'§|.3.1.3. Amide I and amide II bands. The amide | band at
1652 cnt! does not correspond to pure=O stretching, it
includes G-N stretching and NH deformation as wel[17].
Around 50°C, the band shifted to lower wavenumbers at
) 1635cnm L. At 95°C, the band completely disappeared (Fig. 9).
3.3.1. Changes in polar head group The band at 1574 crt at room temperature was fitted into two

3.3.1.1. NH vibration. The band at 3332 cnt at room tem- ) : .
perature was assigned to the NH stretching vibration of theb ands with maxima at 1598 and 1567 chiFig. 10). The band

carbamate groufil7]. During temperature increase, the posi- at 1567 cnm? could be assigned to the amide Il vibration com-
tion of the t?and firs’é shifteg o 3F3)3GCrhat 48°C a’nd thgn prising the deformation and the vibration of the whole NHCOO

: 22]. The band at 1598 cnt belongs to the antisymmet-
decreased rapidly to 3324 crh At 56°C, the wavenumber group[ . =
began to incr:asg agaifig. 8). However, the intensity of the ric deformation of RNH* [21]. At transition (1), both bands at

vibration remained unchanged until transition (Il). Afterwards:,1598 and 1567 cm' shifted to 1584 and 1553 cm, respec-

T T T T T 'p T T T T
1 1,0-0g oadcg \ 00 0 06
‘ol
90 441 °C ~ 208 ey n” e
80 2 Lo4 ©
, 2 0,6+ I E
8 70 H . ] 103 B
5 1 g =
.c"_g 60 - 66 QC '—\/ ,% 0‘4, L 5
£ 1 © | -02 &
[t 50 + o | (]
& 1 0.2 0,1
~ 40 -0,
®J100°C — : _
30 ] 0,0 CP%ot 0,0
20 _- T T T ¥ T T T T T ¥ T ¥ T T T ¥ T
i 30 40 50 60 70 80 90 100 110
10 f T T T Temperature (°C)

T T I T 1 T T ! N ! ol
3500 3000 2500 2200 1750 1500 1250 1000 750
Wavenumber (cm") Fig. 9. Relative intensities of NH (open circles), BiHfilled squares) and amide

I bands (filled circles) vs. temperature and the DSC curve of G8&@ tem-

Fig. 7. The infrared spectrum of C8G@ KBr tablet at 41, 66 and 10TC. perature scan rate ofC/min.
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Fig. 10. Temperature dependence of fitted IR spectra in the _spectral_ra_nge fromg_ 12. Temperature dependence of powder diffraction patterns of 86D
1680 to 1525 cm? at 41°C (a) and at 66C (b). Dots are baselines of fitting. temperature scan rate of ©/min. Diffraction orders are displayed.

tively. Above 100°C, the bands merged to one broad symmetricthe same position. No splitting of the band was observed, which

band at 1583 cm' representing the scissoring deformation of indicates that only one chain is present in a subcell. Accord-

NH> (Fig. 7). ing to this finding, the hydrocarbon chains can be arranged in a
triclinic or hexagonal chain packir@4].

3.3.2. Changes in hydrocarbon chains

3.3.2.1. CH stretching region. The temperature-dependent 3 4 x_,qy diffraction

shift of the CH stretching band is related to the changes in

thezrans/gauche conformation ratio in the hydrocarbon chains.  The powder diffraction pattern of C8GCbefore the first
Generally, lower position of the symmetric Gblretchingvibra-  ransition, showed the first, third and fourth diffraction order
tion indicates a high content afans conformers[23]. The o 3 one-dimensional lamellar geometry (Fig. 12). APEDthe
thermotropic response of the positions is showrFig. 11.  phase exhibited alamellar spacing of 26460.15A. During the
At room temperature, the antisymmetnig(CHz) and sym-  ransition (1) observable already at 4B, the lamellar spacing
metric vs(CHp) stretching vibrations were observed at 2924 4ecreased to 24.800.10A. The wide-angle X-ray diffraction

and 2854 cm’, respectively. At the transition (1), the posi- of C8CQ, demonstrated that the transition (I) was connected
tion of vs(CHy) decreased to 2852 cmh while the asymmetric  \ith the change of the subcell parameters.

one remained unchanged. At 8D (transition (Il)), the posi-
tions ofva(CH>) andvg(CHy) vibrations increased to 2926 and
2854 cnt1, respectively, and the positiog(CH,) vibration fur-
ther increased to 2856 chhat 91°C.

4. Discussion

In an attempt to elucidate the phase behavior and conse-
quently the mechanism of action of the skin permeation enhancer
T12, the physico-chemical behavior of AAACs has been inves-
ntigated. Although there are many studies dealing with forma-
tion, decomposition and equilibria of AAACs in solutions, their
behavior in solid state is not fully understo¢d,16—-18]. A

3.3.2.2. CH, rocking. The CH rocking band is found at
721 cn . With increasing temperature, the band remained i

2926 T~ 1 T~ 1 T T T 1 1T T
— I 08 homology series of C8-C16 AAACs was selected as a repre-
1 m o5 sentative for the long-chain AAACs with octylamine-derived
2924 V(CH,) : >
< e e e e e s et L carbamate salt C8CGQor most experiments.
§ 2023 04 _g The solvents used for preparation of the AAACs had no influ-
g 2856 03 = ence on their phase behavior in a solid state. Although equilibria
£ 28554 (CH) U between free amine, carbamic acid, molecular complex, ammo-
& pgsa.fpioondoooeos 0.2 @ nium carbamate and its dimer occur in solutid@®] and are
§ 2853.] 0,1 strongly influenced by the nature of the solution, pure AAACs
1 . I were prepared in this work. This is due the decreased solubil-
e 0.0 ity of the long-chain AAACs leading to precipitation from the
30 40 50 60 70 80 90 100 110 reaction mixture. The precipitation shifts the reaction equilib-
Temperature (°C) rium towards the AAAC and permits isolation of the desired
product.

Fig. 11. Band position of the symmetric stretching mogl€H,) and the asym- . L
metric stretching modeas(CHy) vs. temperature for C8GGand the DSC curve Atroom temperature, the X-ray powder diffraction indicated
of C8CQ, at a temperature scan rate ¢f/min. that there was only one crystal arrangement with a lamellar
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spacing of 26.8, which is in agreement with that of other a eutectic mixture with the residual carbamate, leading to a shift
AAACs [18] According to thevs(CHp) stretching band posi- of the second and third transitions to lower temperatures. The
tion, the hydrocarbon chains were in an ordered structure, witkignificant release of free amine was clearly observed also in the
certain proportion okauche conformers. Non-splitting of the IR spectra (Fig. 8). Above transition (Ill), the shift of symmet-
CHa rocking band suggested that the chains were in tricliniaic CH, stretching vibration to higher wavenumbers indicated
subcell chain packing. highly disordered hydrocarbon chains typical for liquid phase.
The first transition at about 5@ represented a solid—solid The enthalpy of this transition was independent of the hydrocar-
phase transition. Although the X-ray powder diffraction indi- bon chain length; for the release of €@®om various AAACs,
cated that the lamellar spacing of C8¢@ecreased to 2458, energy of approximately 114 kJ/mol was needed (Fig. 4).
the transition was not connected with &f@lease as evidenced The fourth transition of C8C@represents boiling of octy-
by DSC and TGA experiments. When C8&®as heated over lamine[25]. In the other carbamates and T12, the fourth transi-
the transition (l), cooled and heated again, no free amine wa#on was not evident, because the boiling points of the pertinent
detected (Fig. 2). Furthermore, TGA of Cl6g@&hd T12 clearly amines were too high.
showed that no weight loss occurred during the first transi- The above mentioned assignments of the first three transitions
tion (Figs. 5 and 6). The shift of the symmetric &€btretching  correspond well with the enthalpies, because the energy needed
vibration to the lower wavenumbers indicated an increase in théor a chemical reaction (decomposition of the carbamate) is gen-
conformational order in the hydrocarbon chains. erally higher than that for melting and only minimum energy is
A possible explanation of the observations associated witlneeded for the change in crystal structure (Fig. 4).
transition (1) is that the crystals of AAACs change the specific  All known stable AAACs are described only as solid struc-
packing arrangement of the hydrocarbon chains, particularly theures and not liquids. It is possible that for stabilization of
angle between the chains. Regarding that the intercept value 8fAACs hydrogen bonds are not sufficient and a certain length
linear regression for the transition (1) is zero (Fig. 4), it could of the hydrocarbon chains accompanied by van der Waals inter-
be hypothesized that the energy change of the transition (Bctions is needed. This could explain why some AAACs, e.g.
involves rearranging the hydrocarbon chains. Although shiftshort-chained and branched ones are not possible to isolate
of NH, amide | and Il vibrations to the lower wavenumbersat room temperaturf20]. Presence of the solvent molecules
were observed in the IR spectra, the band intensities remainedtcompanied by H-bonding interactions stabilizes the AAACs
unchanged (Fig. 9). This confirms that the carbamate groups well[15].
was not decomposed at transition (I). The down-shifts in the Previously, only two transitions were described in T1&].
IR spectra contrasted with the usually observed shifts to highdt was suggested that the first one, with the onset a5®&as
wavenumbers due to weakening of the hydrogen bonds withelated to changes in the polar head group and decomposition of
temperature increase. AccordingRa. 4, there are either no the carbamate structure. However, no evidence fos (e(@ase
electrostatic changes caused by alteration of the subcell parawas observed, therefore, it was hypothesized that it stays within
eters at transition (l) or there are both positive and negativéhe molecule bonded with a non-covalent interaction. The sec-
forces that are balanced. A shift of symmetric £$iretching  ond transition was identified as melting accompanied with the
vibrations to lower wavenumbers suggests that this new chairelease of C@Q However, the study described the behavior in
packing is quite stable. Presumably, the change in the polar headtemperature range of 40-85 and used different heating
could lead to increased chain order. The X-ray diffraction studyegimes for DSC and FTIR. In this study, where the same scan
of T12 demonstrated that transition (I) was connected only wittrate of 1°C/min was used for both DSC and FTIR, no disappear-
the change in packing arrangement in contrast with C8CO ance of NH and CO vibrations at the first transition was observed.
where we observed also the change in lamellar spacing. Thidowever, the atypical shifts of symmetric Glitretching vibra-
could be due to presence of ester bond in T12. tions to lower wavenumbers were described during the transition
The second transition represents melting. The melting ofl) in both experiments. In this study, the carbamate decompo-
C8CQ starts at about 80C, the process was observed also insition was firmly attributed to the third transition. The DSC and
the IR spectra. The positions of both €Btretching vibrations TGA thermograms of T12 (Fig. 6) were in good correlation with
shifted to higher wavenumbers, which indicated an increasethe results obtained for AAACs and the enthalpy of the transi-
amount ofgauche conformers. The enthalpy of the transition tion (Ill) of T12 was in good agreement with that of AAACs
(1) was dependent only on the length of the hydrocarbon chait§108 and 114 kJ/mol, respectively).
(Fig. 4). Since this transition began together with transition (Ill), We have previously found that only the ammonium carbamate
the NH and CO vibrations and the combination vibration ofform, Transkarbam 12, was responsible for the high transder-
NHz* began to disappear with melting and were no more visimal permeation-enhancing activity and the pertinent free amine
ble at the end of the transition (1) at about 95 (Fig. 9). was completely inactive. Moreover, a pH dependence of the
The third transition is connected with degradation of theenhancing effect was observed suggesting that the most impor-
carbamate salt into amine and €QFigs. 1, 5 and 6). After tantfeature is the carbamate anion and the carbonate is not active
heating to 100C, the carbamate was partially decomposed and26]. Such chemical structure is completely novel in the group
free amine evidenced by peak (-A) on cooling and (A) on sub-of skin permeation enhancers. The results from this study are
sequent heating, respectively (Fig. 3). With repeating of themportant for further studies of the interactions of T12 with the
heating/cooling cycles, the partially released amine could fornstratum corneum lipids, e.g. miscibility and phase behavior.
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