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Abstract Infrared spectroscopy has been used to determine the inter-association equilibrium constant for mixtures containing urethane/ether functionalities. This constant has been obtained both in the presence and absence of solvent and the results have been compared. The effect of the solvent nature, urethane structure and calculation method on the obtained equilibrium constant has also been studied. # 2001 Published by Elsevier Science B.V. Keywords: Infrared spectroscopic studies; Inter-association; Urethane; Ether



1. Introduction It is well recognized that microheterogenity of segmented polyurethanes is basically due to the thermodynamic factors [1]. Experimentally, these factors of hard±soft segment incompatibility may be determined by considering the structure of hydrogen bonds as distinctive markers that characterize the equilibrium state of a urethane group in aggregates (associated) of different types. It is known that urethanes self-associate through the formation of intermolecular hydrogen bonds between the N±H and the carbonyl groups. However, segmented ether polyurethanes display additional inter-associations between the urethane N±H and oxygen ether [2,3]. These association equilibria can be described by three different constants: two of them, which describe * Corresponding author. Tel.: ‡34-943-018194; fax: ‡34-943-212236. E-mail address: [email protected] (M.J. FernaÂndez-Berridi).



the formation of hydrogen bonded dimers (K2) and multimers (KB), and the third one (KA) to account for urethane/ether inter-association, as can be summarized in Scheme 1. Fourier transform infrared spectroscopy (FTIR) has demonstrated to be an important tool to probe the extent of hydrogen bonding, enabling its quanti®cation through the values of these equilibria constants. In the previous work [4], we reported on the values of K2 and KB obtained from infrared studies of dilute solutions of ethyl urethane (EU) in cyclohexane (CHEX) and carbon tetrachloride (CCl4). The aim of this work is to present the values of the inter-association equilibrium constants (KA) for different urethane/ether systems obtained from model compound infrared studies. Although urethane/ether inter-association equilibrium constants have only been presented in a few papers [5,6], numerous works involving hydroxyl/ carbonyl hydrogen bonding have been centered on the calculation of inter-association equilibrium constants by FTIR spectroscopy. In some of these papers,
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Scheme 1. Association between urethane and ether groups.



KA has been calculated by means of solution infrared studies [7,8] while in others it is calculated in the absence of a solvent [9,10]. The selection of the method to be used is basically ruled by the chemical structure of the individual components. According to this, in some systems KA can only be calculated in solution while in others KA can be calculated either in the presence or absence of solvent. Urethane/ether mixtures belong to this second type of systems, which enables to compare the values of the inter-association equilibrium constants, determined from both methods and to study the in¯uence of the selected procedure on the resulting KA. However, to our knowledge no similar studies have been reported in literature for these urethane/ether systems. In this work, we calculate KA values in solution and without solvent for different urethane and ether structures trying to elucidate the role of both, chemical structure and calculation method in the obtained KA values. This constant together with urethane/urethane self-association equilibrium constants are the necessary experimental parameters to apply the association model of Coleman and Painter [11,12]. This model predicts the phase behavior of polymeric blends start-



ing from equilibrium constants calculated in low molecular weight analogues. Three different urethane model compounds have been selected; two of them (EU and butyl carbamoyl benzene, BPU) of very simple chemical structure and the third one 2,4 bis(butyl carbamoyl) toluene (BTU) as representative of toluene diisocyanate (TDI) based polyurethanes. Three different ether systems have been chosen in order to match polyethylene oxide structure. 2. Experimental EU, TDI, phenyl isocyanate (PI), ethylene glycol diethyl ether (EGDE), ether 4 crown 12 (E4C12), tetrahydrofuran (THF), carbon tetrachloride and cyclohexane CHEX (HPLC grade), purchased from Aldrich, were used as received. BTU and BPU were synthesized from butanol and the corresponding isocyanate (TDI, PI) in THF under re¯ux. Table 1 shows the nomenclature and structure of the studied systems. FTIR spectra were recorded at room temperature using a Nicolet Magna 560 spectrometer at a resolution



L. Irusta et al. / Vibrational Spectroscopy 27 (2001) 183±191 Table 1 Nomenclature and structure of the studied systems Name



Structure



EU



CH3±CH2±NH±COO±CH2±CH3



BTU



BPU



EGDE



CH3±CH2±O±CH2±CH2±O±CH2±CH3



E4C12



THF



of 2 cm 1, and a total of 64 interferograms were signal averaged. Infrared spectra for solutions were carried out using a Specap of 1 mm thickness cell provided with standard KBr windows. For measurements in the absence of solvent, a Specap variable thickness cell without spacer was used. Infrared band resolution and constant calculation were carried out using the programs Spectra Fit and Fit K, developed by Coleman and Painter [12], and Coleman and coworkers [13]. 3. Results and discussion 3.1. Urethane/ether inter-association equilibrium constant (KA) in solution The method for calculating the inter-association equilibrium constants [8] was developed by Coggeshall and Saier in 1951. According to the authors, the
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following steps should be performed: ®rst of all, the infrared spectrum of a very diluted solution of the urethane in an ``inert'' solvent should be recorded. The dilution of the solution must be such that there are no urethane/urethane self-associations. Therefore, the infrared spectrum in the N±H and C=O stretching vibration regions must show only one band attributable to ``free'' N±H and ``free'' carbonyl groups, respectively. Subsequently, successive infrared spectra should be recorded after adding known quantities of ether to the original solution. As the ether concentration increases, the inter-association of urethane/ether taking place is clearly visualized in the corresponding infrared spectra as a decrease of the ``free'' N±H stretching vibration absorbance and the appearance of a new band at lower frequencies, which can be assigned to the associated N±H stretching vibration. However, the addition of ether groups produces no change in the carbonyl stretching vibration region because this group does not take part in the urethane/ ether inter-association. Therefore, the inter-association equilibrium constant (KA) can be measured from the decrease of the absorbance corresponding to the ``free'' N±H groups as we add ether groups to the solution. At each concentration, the fraction of ``free'' N±H groups (ffree) can be calculated from Eq. (1). ffree ˆ



A A0



(1)



where A is the absorbance of the ``free'' N±H stretching vibration at a known concentration of ether and A0 the same absorbance in the absence of ether. If we suppose that ether concentration (ca) is much higher than urethane concentration (cb) then, we can calculate the value of KA according to Eq. (2). KA ˆ



1 ffree ffree ca



(2)



From the representation of 1 f free versus ffree ca , the urethane/ether inter-association constant can be obtained. Let us now consider the experimental spectra obtained from EU in CHEX solutions containing different concentration of EGDE recorded at room temperature. Fig. 1 shows the scale-expanded difference spectra in the N±H stretching region. The bands
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Fig. 1. Infrared spectra in the N±H stretching vibration region for the system EU/EGDE in CHEX: (A) ether concentration 0 M; (B) ether concentration 0.280 M; (C) ether concentration 0.514 M.



of CHEX and EGDE have been eliminated by the now routine procedure of subtraction of the spectrum of pure CHEX and an EGDE solution (recorded using the same liquid cell). At high urethane dilution in the N±H stretching region and when no ether is added, one would anticipate a single N±H stretching mode attributed to the totally isolated non-hydrogen bonded urethane groups (3465 cm 1). As we increase the ether concentration, the vast majority of the EU molecules are still isolated but a minor fraction is inter-associated with the ether groups. In the spectrum, there should be minor contribution from the band attributed to the EU N±H groups that are inter-molecularly hydrogen bonded to the ether of EGDE (3370 cm 1). Note that this position is the same obtained in the previous work [4] for EU/CHEX solutions of all the hydrogen bonded N±H groups in dimers and multimers. This implies that the strength of the urethane N±H to ether oxygen interaction, as characterized by the difference between the frequency of the free N±H band and the peak maximum of the hydrogen bonded N±H stretching band, is comparable to that of urethane N±H to urethane C=O interaction.



To quantify the urethane/ether inter-association in solution, we ®rst need to calculate the absorption of the free N±H band for each concentration and calculate the fraction of free N±H using Eq. (1). The results of this calculation for EU/EGDE in CHEX are shown in Table 2. Fig. 2 displays the representation of 1 f free versus ffree ca , from which KA was obtained. Following this method, we have calculated KA for the different systems studied and the resulting values are summarized in Table 3. For comparative purposes, these values have been normalized to a molar volume of 100 cm3/mol. Table 2 Absorbance values for the system EU/EGDE in CHEX ca (mol/l)



A…N



0 0.069 0.149 0.212 0.280 0.359 0.428 0.514



0.113 0.110 0.100 0.096 0.095 0.087 0.084 0.082



H†free



ffree 1.00 0.97 0.89 0.85 0.81 0.77 0.75 0.73
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Fig. 2. KA determination for the system EU/EGDE in CHEX.



As can be seen in Table 3, KA values show a clear dependence on the solvent employed. Thus, for the system EU/EGDE, the value obtained in CHEX is twice compared with that obtained in carbon tetrachloride. To our knowledge, no studies concerning the in¯uence of the solvent nature have been published in the literature and only a few have been reported for urethane/ether systems. In this sense, Yamaguchi and coworkers [5] provide a value of 4.6 for KA (normalized to a molar volume of 100 cm3/mol) for N-phenylurethane/di-n-butyl ether in CCl4. This value is in fairly good agreement with the one obtained by us for EU/EGDE in the same solvent. Although carbon tetrachloride has usually been considered as an inert solvent, we believe there are clear evidences from literature [4,14,15] as well as from the results obtained in this work that it interacts with molecules through the formation of very weak Table 3 KA values for the studied systems in solution Urethane



Ether



Solvent



KA



BTU EU EU EU



EGDE EGDE EGDE E4C12



CCl4 CHEX CCl4 CHEX



7 8 4 6



hydrogen bonds. This fact can be basically responsible for the lower KA values obtained when this solvent is employed in the measurements. Unfortunately, a great number of compounds are not soluble in CHEX preventing a thorough comparative study about the in¯uence of the solvent's chemical nature. This is the case of BTU, and therefore only the value in CCl4 has been obtained. Nevertheless, taking into account that KA for this system is similar to that obtained for EU in CHEX, we can argue that the value of KA is higher for aromatic urethanes than for aliphatic ones. The lower value obtained for the system EU/E4C12 in CHEX, compared with the value obtained for EU/ EGDE in CHEX can be explained on the basis of steric hindrance due to the four ether moieties in E4C12. 3.2. Urethane/ether inter-association equilibrium constant (KA) in absence of solvent The inter-association equilibrium constant (KA) has also been measured by infrared spectroscopy from different mixtures of ethers and urethanes in the absence of solvent. The description of the studied systems is summarized in Table 4. For each pair of ether/urethane, several mixtures were prepared as a function of component concentration, and their corresponding infrared spectra were
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Table 4 Studied mixtures Urethane



Ether



EU EU BPU BPU



THF EGDE THF EGDE



coef®cients of the free and associated carbonyl groups are not the same. The ratio between these values was taken from a previous work [4,16] and has a value of 1.6. The fraction of free carbonyl groups can be calculated using Eq. (3). ffree ˆ



obtained. The effect of mixing EU with THF in the carbonyl stretching region is shown in Fig. 3. As expected, as the ether concentration increases the free carbonyl band at 1725 cm 1 increases at the expense of the hydrogen bonded carbonyl band at 1705 cm 1. Although the change in this band is qualitatively the same as obtained on the dilution of a solvent such as CHEX, the extent of the effect is due to the additional concentration of ether oxygen groups that compete with the urethane carbonyl groups for the N±H protons [6]. Infrared data shown in Fig. 3 can be resolved into two contributions using a curve ®tting procedure [13] into a free carbonyl band at approximately 1725 cm 1 and a hydrogen bonded carbonyl band located at 1705 cm 1. As an example of this, curve resolution (Fig. 4) is included. To calculate the fraction of free carbonyl groups we must take into account that the infrared absorption



Afree …Aass =1:6† ‡ Afree



(3)



The results of curve resolution for the mixture EU/ THF are shown in Table 5. Knowing the fraction of ``free'' carbonyl groups at each concentration, urethane/ether inter-association constant (KA) can be calculated. The stoichiometry of this system is described by Eqs. (4) and (5).     K2 K2 1 FB ˆ FB1 1 ‡ KB KB …1 KB FB1 †2   KA FA1  1‡ (4) r FA ˆ FA1 ‡ KA FA1 FB1    K2 K2  1 ‡ KB KB 1



1 KB FB1



 (5)



where FA and FB are the volume fractions of ether and urethane species, respectively, FA1 and FB1 are the



Fig. 3. Infrared spectra in the carbonyl stretching vibration region of EU/THF system at different urethane molar fractions: (A) 0.2; (B) 0.4; (C) 0.6.
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Fig. 4. Curve resolution of two infrared bands in the carbonyl stretching region for EU/THF 0.5 M fraction. Table 5 Curve resolution results for the EU/THF mixture Molar fraction



carbonyl Vfree (cm 1)



W1/2 (cm 1) ``free'' band



carbonyl Vass (cm 1)



W1/2 (cm 1) ``ass'' band



ffree



0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8



1724 1725 1725 1726 1727 1728 1727 1728



15 16 15 17 17 17 17 17



1706 1706 1706 1702 1702 1702 1703 1702



26 27 27 32 32 34 35 36



0.72 0.54 0.48 0.39 0.35 0.32 0.27 0.23



volume fractions of ``free'' ether and urethane groups and r is the ratio of molar volumes of the repeat units. For this calculation, the urethane/urethane selfassociation equilibrium constants (K2 and KB) determined in an independent experiment are needed. Employing the values of K2 and KB, taken from a previous work [4], and selecting a starting value for KA, we can calculate FB1 for the whole composition range. The fraction of free carbonyl groups as a function of the volume fraction of urethane is given by Eq. (6). ffree ˆ



‰1 ‰1



…K2 =KB †Š ‡ K2 =KB ‰1=…1 …K2 =KB †Š ‡ K2 =KB ‰1=…1



KB FB1 †Š (6) KB FB1 †2 Š



The value of KA is systematically varied and a least squares method employed to determinate the best ®t of the experimental data. For all these calculations, a commercial software (Fit K) developed by Coleman and coworkers [13] was employed.



Fig. 5 shows the result of the least squares ®t for the system EU/THF that yields a value of K A ˆ 17:7 referred to a molar volume of 100 cm3/mol. The same methodology was applied for the systems resumed in Table 4 and the obtained results are presented in Table 6. As can be seen in Table 6, the obtained constant for EU is the same no matter what the selected ether analogue is. In the case of BPU mixtures, however, there is a dependency of KA on the Table 6 Inter-association constants for model mixtures Urethane



Ether



KA



EU EU BPU BPU



THF EGDE THF EGDE



18 18 16 10
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Fig. 5. Results for least squares ®t for the system EU/THF.



selected ether. The lower value obtained for BPU/ EGDE can be explained on the basis of sterical hindrance [17], due to the size of both the molecules. 3.3. Comparison of the constants obtained by the two methods Comparing the results of Tables 3 and 6, it is evident that the obtained values are not independent of the method used in the calculation. All the values obtained in the presence of a solvent, by means of Coggeshall and Saier method are much lower than the ones obtained following the methodology of Painter and Coleman. Two facts can be responsible of these discrepancies. On one hand, the ``inert'' solvent can have some in¯uence on the inter-association constant. On the other hand, in the method of Coggeshall and Saier, KA is independent of the values of self-association constants (K2 and KB), due to the low concentration of urethane groups in the mixture, meanwhile in the method of Painter and Coleman these values are directly related because in this case the concentration is high enough for self associations to take place. However, these results are not in accordance with those reported by Coleman and coworkers [18] for the ethyl phenol/ethyl isobutyrate system where the interassociation equilibrium constant (KA) is independent of the method employed in its calculation.



In our opinion, the method proposed by Painter and Coleman gives a better approximation of the real situation of urethane/ether mixtures, where in all the cases there is a competition between the self and interassociation for hydrogen bonding. However, we must not forget that this method is restricted to systems containing interacting carbonyl groups. This means that the method proposed by Coggeshall and Saier has to be employed when this condition is not ful®lled. Finally, we will remember that the values of the urethane/urethane self-association equilibria constants (K2 ˆ 24, K B ˆ 63) are much higher than those obtained for the urethane/ether inter-association constant (KA) no matter what the method employed. Acknowledgements The authors are thankful to the University of the Basque Country (UPV203.215-G41/98) and CICYT (MAT98-0530) for supporting this research program.
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