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 ABSTRACT: Tertiary amine catalysts are essential components in manufacturing polyurethane materials. The low-emission requirements for indoor applications are typically achieved by employing tertiary amines with catalytically active N,N-dimethyl groups as the base catalyst and a longer alkyl substituent with a reactive end, that is, alcohol or amine, to incorporate it in the polyurethane matrix. N,N-dimethyl groups are, however, oxidized when exposed to air and lead to undesired formaldehyde emissions. Here, we employ modern quantum chemical methods to understand design principles how the structure of tertiary amine catalysts having N,N-dimethyl groups can be modiﬁed to avoid this source of formaldehyde formation but still preserve their catalytic activity. We found the pyrrolidine derivative of commonly used N,N-dimethylated catalysts to be the most promising candidate and developed design principles to rationalize why longer alkyl chains or larger ring sizes inhibit the catalytic activity. The computationally predicted catalyst performances were conﬁrmed experimentally in model polyurethane systems for selected amine catalysts, and emission measurements showed that the formaldehyde emission was completely suppressed when pyrrolidine derivative was used as a catalyst. Our results further illustrate how condensed phase reactions can be predicted using quantum chemical methods and that to account for steric hindrance near the reaction center, it was also necessary to include conformational energy contributions in the calculated activation free energies.
 
 1. INTRODUCTION Polyurethane (PU) is one of the most versatile polymers that appears in an astonishing variety of forms and plays a vital role in many industries, from furniture to footwear and construction to automotive.1−3 PUs show thermoplastic, elastomeric, and thermoset behavior depending on their chemical and morphological structure, and their properties can be easily tailored in an extremely wide range and ﬁnetuned for numerous applications by changing the type and functionality of the polyol and isocyanate precursors. Because of their versatility and diverse utility, PUs account for 5 wt % of the total worldwide polymer production and around 16 million tons of PU raw materials are currently produced annually.2 Tertiary amines are essential components in successful manufacturing of PU materials. Urethane formation is typically catalyzed by tertiary amines, such as 1,4-diazabicyclo[2.2.2]octane (DABCO) and 2,2′-bis-(dimethylaminoethylether), or amidines such as 1,8-diazabycyclo[5.4.0]undec-7-ene.4−6 These are, however, compounds with noticeable vapor pressure and, therefore, they contribute signiﬁcantly to volatile organic compound (VOC) emissions and associated odor. To © 2019 American Chemical Society
 
 overcome the emissions problem, a wide variety of nonvolatile amines containing hydroxyl or reactive amino functional groups as a reaction site with isocyanates have been used, for example, N,N-dimethylethanolamine; N,N-dimethylaminopropylamine; and N,N,N′-trimethyl-N′-hydroxyethyl-bisaminoethylether, see Scheme 1. These so-called reactive catalysts are incorporated into the polymer network and, therefore, improve air quality, fogging, and odor problems. Consequently, there has been a transition from the use of nonreactive catalysts, for example, DABCO, to reactive catalysts for lowering the amine emissions in many industrial applications.7 However, the typically used reactive catalysts in the PU synthesis contain Nmethyl groups and thus lead to undesirable degradation products, such as formaldehyde, when exposed to air.8−10 This is a critical drawback for the use of reactive catalysts as formaldehyde is an indoor air pollutant that can cause respiratory irritation and cancer after long-term exposure.11 The International Agency for Research on Cancer (IARC) Received: May 17, 2019 Published: May 24, 2019 8202
 
 DOI: 10.1021/acs.joc.9b01319 J. Org. Chem. 2019, 84, 8202−8209
 
 Article
 
 The Journal of Organic Chemistry
 
 Scheme 1. (a) Schematic Presentation of Urethane Reaction; (b) Examples of Commonly Used Reactive Catalysts in PU Synthesis
 
 catalysts 1−3, where N,N-dimethyl groups are substituted with diethyl and dipropyl groups, while catalysts 5−7 were studied in order to understand the catalytic activity of cyclic tertiary amines, that is, pyrrolidine (5), piperidine (6), and morpholine (7). Functionalized imidazole (4) was also studied to understand the catalytic activity of aromatic imines. All catalyst models were further functionalized with a propyl group to mimic a longer alkane chain with reactive hydroxyl or amine group as shown in Scheme 1b. Earlier study showed that measured rate constants of amine-catalyzed urethane reaction in acetonitrile correlate linearly with the amine’s basicity.12 The correlation only exists, however, for sterically similar tertiary amine catalysts and in nonprotic media.12 Therefore, our study focuses on understanding the catalytic activity in a real PU system, where the protic environment may interfere with the relative reactivities of diﬀerent catalysts. As ﬁrst step of our computational screening of catalysts, we studied the complete reaction mechanism for the N,Ndimethylaminopropane (1)-catalyzed urethane formation. Our computational protocol used p-methylphenylisocyanate as a model for aromatic isocyanates and 2-methoxyethan-1-ol as a model for polyol with reactive primary hydroxyl groups, for example, Lupranol 2090 used in the experiments later. In order to accurately predict the relative activation free energies in solution, that is, in PU media, for diﬀerent catalysts, our computational approach relies on extensive conformational sampling and optimization of all structures using dispersion corrected density functional BP86-D313−15 with triple-ζ level def2-TZVP basis sets,16 accurately including solvation using the COSMO-RS17 model as described elsewhere,18 and calculating ﬁnal energies using high-level random phase approximation (RPA)19 and MP2 methods with large quadruple-ζ level def2-QZVPP basis sets.16 RPA and MP2 were selected because they capture long-range interactions from ﬁrst principles without empirical parameters and are thus expected to systematically describe the energy diﬀerences between diﬀerent catalysts.20,21 RPA beneﬁts over MP2 further by capturing also the non-pairwise-additive nature of longrange interactions, and the accuracy of it can also be increased by improving it with the approximate exchange kernel (AXK)22 method to approach the accuracy of the “gold standard” CCSD(T) method for organic molecules.23 All discussed data represent free energies in PU media at 60 °C, chosen as an average temperature for reaction typically run as an adiabatic reaction in a wide temperature range. Because of the heterogeneity of the PU matrix and possibility for
 
 classiﬁed formaldehyde as cancerogenic to humans, which led to stricter regulations on the emissions of formaldehyde. The recommended limit for formaldehyde in residential indoor air was established at 0.1 mg/m3 or about 0.08 ppm by the World Health Organization (WHO).11 The stringent requirements for indoor air quality have made VOC and formaldehyde emissions increasingly important to the PU industry. Therefore, understanding the rules for PU catalyst design and employing them to develop amine catalysts that exhibit similar or higher activity in urethane formation as N,N-dimethylcontaining catalysts, but are less prone to formaldehyde emission, is highly desired. In this work, we focus on understanding which structural modiﬁcations are necessary to avoid formaldehyde emissions but to preserve the catalytic activity of the tertiary amine catalyst in urethane formation, that is, amine-catalyzed addition reaction between alcohol and isocyanate as depicted in Scheme 1a. To achieve this, we explore how structural modiﬁcation of the N-methyl substituents of commonly used PU catalysts aﬀects their catalytic activity in real PU systems. The initial catalyst screening was performed using modern quantum chemical methods to predict how the activation free energies of the urethane reaction are aﬀected when the methyl groups of the Me2N−R catalyst are replaced by longer alkyl chains or cyclic structures. Finally, the promising candidates were studied experimentally in a model PU reaction and the emissions were measured for selected catalysts.
 
 2. RESULTS AND DISCUSSION We chose seven amines to be screened computationally regarding their catalytic activity, see Figure 1. The studied
 
 Figure 1. Studied amine catalysts.
 
 catalysts were chosen to provide understanding and principles for future catalyst design by modifying their electronic and steric properties: the eﬀect of increasing chain length of alkyl group of tertiary amine catalysts was studied by comparing
 
 Scheme 2. Generally Accepted Reaction Mechanism of the Tertiary Amine Catalyzed Addition Reaction between Alcohol and Aromatic Isocyanates
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 Figure 2. Reaction proﬁle for N,N-dimethylaminopropane-catalyzed urethane reaction. Relative Gibbs free energies were computed at the RPA/ def2-QZVPP//BP86-D3/def2-TZVP level of theory.
 
 product, see Figure 2. In the model with the polyol−water mixture medium, our computations predict formation of the amine−alcohol and amine−water precomplexes to be endergonic by 5−9 kJ/mol for N,N-dimethylpropane catalyst at the RPA level. This indicates that tertiary amine catalysts equilibrate with the reaction medium and the activation free energy of the reaction is deﬁned as the free energy diﬀerence between separated reactants and the transition state. One should point out here that hydrogen bonding interactions between solvent and solute are taken into account within the used COSMO-RS model by an explicit term in the interaction potential so that diﬀerences in hydrogen-bonding aﬃnities for diﬀerent catalysts should be reproduced in this protocol. In agreement with previous studies,24,25 the transition state for urethane formation is concerted in which the catalyst activates the alcohol via hydrogen-bonding and transfers the proton to the urethane nitrogen spontaneously after the transition state according to dynamic reaction coordinate calculation, which follows the reaction path from transition state to both minima conserving the total energy,26,27 see Figure 2. In the polyol−water mixture at RPA level, the activation free energy is predicted to be 83.7 kJ/mol and the reaction free energy to be −24.8 kJ/mol, having the exergonic character (negative value) and indicating that the equilibrium is on the product side. Additionally, catalyst dissociation from
 
 interfacial reactions, all the free energies were calculated in two separate media to estimate to what extent obtained results depend on speciﬁc environments: (1) in a mixture of polyol and water and (2) in a mixture of polyol and 4,4methylenediphenylisocyanate. For more information, see Experimental Section and Supporting Information. 2.1. Mechanism of Urethane Formation. The mechanism of the base-catalyzed urethane reaction is generally accepted, that is, a tertiary amine activates the alcohol for nucleophilic attack via hydrogen bonding and forms the urethane after transferring the alcohol proton, see Scheme 2. This is supported by kinetic studies, indicating that the tertiary amine catalyst is only partially protonated in the transition state,12 and by earlier computational studies, suggesting that the ammonium cation is formed after the transition state and that it spontaneously transfers the proton to the benzylic nitrogen to form the urethane.24,25 A mechanism where the amine catalyst acts as a nucleophile can represent an option for strong Brønsted base catalysts such as cyclic guanidines6 but is not considered realistic for the tertiary amines studied here. According to the generally accepted mechanism, our mechanistic scenario considers the formation of amine− alcohol and amine−water precomplexes from solvated species, formation of the transition state with the subsequent protontransfer step, and dissociation of the catalyst from the urethane 8204
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 Table 1. Activation Free Energies (ΔG⧧) in kJ/mol and Relative Rate Constants (krelative) for Catalysts 1−7 at the RPA Level with and without the Contribution of Conformational Entropy (ΔGconf)a
 
 the hydrogen-bonded urethane complex is exergonic by approximately −12 kJ/mol, and thus catalyst turn over frequency is not limited by strong interactions between the catalyst and urethane product either. A change of the reaction medium is not expected to drastically change the relative free energies in the reaction proﬁle. In less protic environments, however, a faster reaction is expected, that is, the predicted activation free energy in water-free polyol−MDI mixture is 81.8 kJ/mol, which corresponds to 2-fold increase in the reaction rate obtained from the Eyring equation and was also experimentally observed as discussed later. The reaction mechanism is the same at the MP2 level, which predicts a slightly more exergonic formation of the amine−alcohol precomplex (−1.7 kJ/mol) and a lower activation free energy of 69.8 kJ/mol. Activation free energies calculated at RPA level are, however, expected to be more accurate: MP2 is known to overestimate the stability of dispersion-dominated unsaturated complexes28−30 and, therefore, predicts too low activation energies here where attractive weak interactions dominate the transition state but are not present in isolated reactants. To conﬁrm the accuracy of the RPA method, we also computed the activation free energy barrier for catalyst 1 by employing the AXK method, which should increase the accuracy of RPA in organic reactions.22,23 RI-AXK predicts an activation free energy of 86.4 kJ/mol, which is 3 and 16 kJ/mol higher than predicted by RPA and MP2, respectively. The relative activation free energies for diﬀerent catalysts are nevertheless expected to be more accurate due to systematic cancellation of errors in similar transition states. For all results in diﬀerent media and with both levels of computation, see Tables S1 and S2 in Supporting Information. 2.2. Computational Screening of Catalysts. The reaction mechanism discussed above was applied for screening of all catalysts in Figure 1, that is, all water−amine and alcohol−amine precomplexes, and all transition state structures were optimized and studied. At RPA level and in both media, the precomplex formation is predicted to be endergonic for all catalysts, and at MP2 level, only catalyst 1 was predicted to form a weak alcohol−amine precomplex, see Tables S1 and S2 (Supporting Information). Because of the discovered large diﬀerences in the activation free energies between RPA and MP2 levels for catalyst 1, all discussed activation free energies in the text are at RPA level in PU media with 3 wt % of water. First, we compared catalysts 1−3 to identify how the tertiary amine activities are aﬀected by substituting the N-methyl groups (1) with N-ethyl (2) and N-propyl (3) groups, see Table 1 and Figure 3. The predicted activation free energies for catalysts 1, 2, and 3 are 83.7, 86.0, and 84.5 kJ/mol, when only the transition state structures with the lowest energies are considered. These data indicate that the activity of the catalyst is not much aﬀected by modifying the alkyl chain and can be rationalized with sterically nonconstrained transition states for all catalysts, see Figure 3. These estimates, however, do not account for the change of conformational entropy between the isolated reactants and the transition state, that is, diﬀerent amount of easily accessible conformers in the corresponding structures, which is required to accurately model how increasing length of the alkyl chain aﬀects the activity of the amine catalyst.18,31 The eﬀect of the conformational entropy on the activation free energy (ΔGconf) was calculated according to Deglmann et al.18 by optimizing the full conformational space at BP86-D3/def2-TZVP level for the degrees of freedom
 
 without ΔGconf
 
 a
 
 with ΔGconf
 
 catalyst
 
 ΔG⧧
 
 krelative
 
 ΔG⧧
 
 krelative
 
 1 2 3 4 5 6 7
 
 83.7 86.0 84.5 94.1 86.1 87.6 92.4
 
 100 42 75 2 42 24 4
 
 86.0 90.9 91.1 92.2 85.6 88.2 93.6
 
 100 17 16 11 116 45 7
 
 All energies are in kJ/mol.
 
 Figure 3. Optimized transition states for catalysts 1−3. All geometries were optimized at the BP86-D3/def2-TZVP/COSMO(ε = ∞) level.
 
 that rotate more freely in isolated species compared in the transition states. The comparison was made relative to catalyst 1 and the bonds included in the full conformational sampling are shown in blue in Figure 4: these rotations account for the
 
 Figure 4. Schematic presentation of the transition state: blue bonds represent the degrees of freedom included in the full conformational sampling to compute the eﬀect of conformational entropy on the activation free energies.
 
 degrees of freedom that are most aﬀected between studied catalysts from isolated reactants to the transition state. For more comprehensive discussion about methods used to calculate ΔGconf, see Supporting Information. When conformational entropies are included in the studied activation free energies (ΔGconf), the predicted activation free energies are 86.0, 90.9, and 91.1 kJ/mol for catalysts 1, 2, and 3, respectively, see Table 1. According to the Eyring equation, these correspond to relative rate-constants of 100, 17, and 16 for catalysts 1, 2, and 3 and indicate strongly that substitution of N-methyl groups with longer alkyl-chain leads to a decreased catalytic activity. The origin of this is the larger loss of conformational entropy for longer alkyl chain in the transition state, that is, less N-alkyl rotamers are energetically 8205
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 energies or not; this points out the importance of this often neglected contribution which should maybe be included more frequently, especially when alkyl substituents close to the reactive center exhibit structural diﬀerences. In summary, the systematic trends indicate catalysts with shorter alkyl chains to be more active than with longer ones and cyclic catalysts with smaller rings to be more active compared to larger ones according to Bent’s rule. RPA and MP2 levels both predict that cyclic amines such as pyrrolidine can exhibit higher activity than N-methyl containing tertiary amines. RPA predicts relative catalyst activities according to 5 (krelative = 116) > 1 (krelative = 100) > 6 (krelative = 45) > 2 (krelative = 17) > 3 (krelative = 16) > 4 (krelative = 11) > 7 (krelative = 7) in PU media with 3 wt % of water, and solvation is not expected to have a big eﬀect (Table S1). The high activity of pyrrolidine catalyst is also supported by experimental studies showing good catalytic activity of methylpyrrolidine in urethane formation in acetonitrile,12 as well as by preliminary reports on activity of pyrrolidine derivatives in PU systems.33−35 2.3. Experimental Screening of Catalysts. To validate our computational predictions and identify a catalyst with similar activity to 1, we selected structures 1, 2, 4, 5, and 6 for further investigation in our experimental study, see Figure 6. For the experimentally studied catalysts, the propyl group was
 
 accessible than for the free amine; obviously, this eﬀect signiﬁcantly helps to disfavor larger alkyl groups even more than just steric repulsion in the one best transition state conformer. The activation free energies obtained at the MP2 level are consistently lower for all catalysts compared to the RPA level, but both methods agree on the relative activity diﬀerences between the catalysts, see Table S2. Next, we studied the cyclic tertiary amines 5−7 and the imidazole derivative 4, see Table 1 and Figure 5. The predicted
 
 Figure 5. Optimized transition states for catalysts 4−6. All geometries were optimized at the BP86-D3/def2-TZVP/COSMO(ε = ∞) level.
 
 reactivity of the cyclic tertiary amines seems to follow Bent’s rule:32 Five-membered heterocycle pyrrolidine (5) shows the highest reactivity among cyclic amines with an activation free energy of 86.1 kJ/mol when contribution of conformational entropy is not included. Slightly lower activity is predicted for the six-membered piperidine catalyst (6, 87.6 kJ/mol) and the lowest for the morpholine derivate (7, 92.4 kJ/mol). These data can be rationalized purely with the increase of the electronic inductive eﬀect of the heterocycle, that is, increase of the ring size (5 → 6) aﬀects the electronics of the nitrogen lowering the basicity of the lone electron pair required for catalysis. Most strongly this is observed by comparing catalysts 6 and 7 where the electronegativity of the ring diﬀers without changing any sterics. The increased sterics are further expected to aﬀect the amount of populated transition state conformers, and therefore conformational entropy was also included in the activation free energies as previously described. This leads to stabilization of transition state for catalyst 5 (85.6 kJ/mol), whereas transition states for larger catalysts 6 (88.2 kJ/mol) and 7 (93.6 kJ/mol) are destabilized. The imidazole derivative 4 with sp2 hybridized lone electron pair is predicted to be the least-active catalyst in the study with an activation free energy of 94.1 kJ/mol when ΔGconf is not included, but however, the contribution of conformational entropy lowers the activation free energy of it to 92.2 kJ/mol, and therefore, it is predicted to be more active catalyst than the morpholine derivate 7. For further discussion about the negative sign of ΔGconf for catalysts 4 and 5, see Supporting Information. Overall, the predictions indicate that pyrrolidine derivative 5 should exhibit slightly higher catalytic activity than N,Ndimethyl derivative 1 and larger cycles to be less active: the relative rate-constants for catalysts 1, 4, 5, 6, and 7 are 100, 11, 116, 45, and 7 at the RPA level when conformational entropy is included, see Table 1. The results obtained at the MP2 level are consistent with RPA for the relative diﬀerences between cyclic catalysts (Table S2).The relative reactivities diﬀer, however, even qualitatively depending whether the eﬀect of conformational entropy is included in the activation free
 
 Figure 6. IR kinetic measurements: (a) depletion of NCO during the reaction of Lupranol 2090 and Lupranat MM 103 with 0.5 wt % of water and (b) without water at 60 °C, in the presence of equimolar amount of 1, 2, 4, 5, and 6 as catalysts. The ﬁrst IR measurement was performed 15 s after the beginning of stirring of reaction mixture. 8206
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 increased ring size and by inclusion of electronegative atoms or substituents in the ring. The predicted relative activities of diﬀerent catalysts were conﬁrmed experimentally, showing the potential of modern quantum chemical methods in predicting catalytic activity in real PU foam system even when the relative activation free energies are distributed inside few kJ/mol. These further highlight the importance of including conformational entropy contribution in the computed activation free energies especially when comparing catalysts with diﬀerent alkyl substituents attached to the reactive center as it was shown here to aﬀect even the qualitative trends between diﬀerent catalysts. Finally, pyrrolidine derivatives are proposed as alternative tertiary amine catalysts for PU production with high catalytic activity and without being a source of formaldehyde emissions because of their optimal steric and electronic parameters.
 
 replaced with aminopropyl to form a reactive catalyst that is incorporated in the PU matrix. As a model reaction, bulk polymerization of trifunctional polyether polyol Lupranol 2090, containing reactive primary hydroxyl groups, water, and Lupranat MM 103, a carbodiimide-modiﬁed diphenylmethane-4,4′-diisocyanate (MDI) with average functionality 2,2, was investigated. Lupranol 2090 and Lupranat MM 103 are used on industrial scale to produce various PUs such as microcellular elastomers, ﬂexible and semi-rigid foams, as well as for compact PU parts used, among others, in many diﬀerent indoor applications. 3-(Dimethylamino)propylamine was used as a reference catalyst according to catalyst 1 used in the modeling, and all studied catalysts were used in equimolar amounts. The reaction progress was estimated in IR kinetic studies by measuring the disappearance of the NCO stretching vibration at 2271 cm−1 as a function of time.36 Quantiﬁcation was carried out relying on the unchanged absorption of CH2 groups at 2865 cm−1, which were used as an internal standard in IR measurements. The relative ordering of the catalysts in the kinetic experiment is according to the predicted values at the RPA level: pyrrolidine derivative (5) shows increased reactivity compared to N,N-dimethyl derivative (1), piperidine derivative (6) and N,N-diethyl derivative (2) show a similar reactivity, and imidazole derivative (4) is the slowest of the studied catalysts. We also performed identical kinetic experiments at 60 °C without water: the relative catalytic activities of N,N-dimethyl derivative (1), N,N-diethyl derivative (2), and piperidine derivative (6) are slightly closer to each other than when compared in protic media, but the ordering was not aﬀected, see Figure 6. The amine catalysts are also more active in nonprotic environment as was also computationally predicted. To address the temperature dependence of relative catalytic activities, the corresponding kinetics were also measured at 120 °C without water (see Figure S1 in the Supporting Information). The relative ordering of the catalysts is not changed in these experiments, and therefore, it can be considered rather independent of the changes in the PU environment and the computated activation free energies to be valid for a wide range of PU formulations. Finally, we applied the same model reaction to prepare molded PU foams having density 360 g/L with equimolar amounts of reactive catalysts 1 and 5, which are incorporated in the PU, and measured their formaldehyde emissions using the chamber method described in Experimental Section. The measured formaldehyde emission from the foam prepared with catalyst 1 is, as expected, very high, 244 μg/m3. The formaldehyde emission is completely avoided (below detection limit of 11 μg/m3) by using the cyclic amine catalyst based on pyrrolidine ring (5), which makes this catalyst suitable for use in the production of PU materials for indoor applications.
 
 4. EXPERIMENTAL SECTION 4.1. Computational Details. All computations were performed using Turbomole 7.2.1 program package.37 Structures were optimized at the density functional theory (DFT) level using the BP8613 functional with def2-TZVP basis sets,16,38 combined with the BJdamped D3-dispersion correction, denotedD3 in the text.14,15 DFT computations were sped-up by employing multipole-accelerated resolution-of-the-identity approximation for Coulomb term (MARIJ)39 with the corresponding auxiliary basis sets.40 Resolution-ofidentity (RI) RPA41 and RI-MP242 calculations were performed with def2-QZVPP basis sets and with corresponding auxiliary basis sets.43,44 For RPA, gas-phase TPSS45 orbitals were used, and the core orbitals were kept frozen for computation of correlation energy in RPA and MP2 computations. Solvation eﬀects were accounted for during structure optimizations using the COSMO solvation model with a dielectric constant of inﬁnity.46,47 Solvation free energies were calculated at 60 °C using the COSMO-RS17 model in COSMOTherm (version 2017) with parameter ﬁle BP_TZVPD_FINE_C30_1501.ctd, based on BP86/def2-TZVPD48 level. The best conformer of each studied structure was obtained from extensive conformational searches performed at the level of optimization with respect to all rotatable bonds. Pictures of the computed structures were generated using CYLview.49 For more information on the thermodynamic cycle used to obtain Gibbs free energies in solution, description of the COSMO-RS environment, and how conformational entropy was accounted for, see Supporting Information. 4.2. General Information. 3-(Dimethylamino)propylamine, 3(diethylamino)propylamine, N-(3-aminopropyl)imidazole, and N-(3aminopropyl)piperidine were obtained from Aldrich, N-(3aminopropyl)pyrrolidine from TCI. All reagents were used as received. Lupranol 2090 (BASF, Germany) is a trifunctional polyether polyol, which contains primary hydroxyl groups and OH number 28 mg KOH/g. Lupranat MM 103 (BASF, Germany) is a carbodiimidemodiﬁed MDI, with average functionality 2,2 and NCO content 29,5%. IR spectra were recorded on a Bruker Tensor 27 spectrophotometer using a ZnSe crystal ATR accessory. 4.3. General Procedure for the Synthesis of PU Foam and Conversion Monitoring. Lupranol 2090 (49.25 g), 0.25 g of water, and 0.5 g of 3-(dimethylamino)propylamine (1) were mixed, and stoichiometric amount of Lupranat MM 103 (8.5 g) was added at room temperature. After stirring for 5 s, a small sample of reaction mixture was removed from the reaction ﬂask and placed on the ATR crystal heated to 60 °C. The reaction progress was estimated by measuring the disappearance of the NCO stretching vibrations at 2271 cm−1 as a function of time. Quantiﬁcation was carried out, relying on the unchanged absorption of CH2 groups at 2865 cm−1. The same procedure was used for conversion monitoring in the presence of equimolar amount of 1, 2, 4, 5, and 6. 4.4. Emission Method. Formaldehyde emission was measured using a small chamber test. PU foam sample (50 × 50 × 25 mm3, density 360 g/L) was placed in a 4.7 L chamber and heated to 65 °C
 
 3. CONCLUSIONS We used modern quantum chemical methods to study consistently how structural modiﬁcation of the N,N-dimethyl groups of widely employed reactive PU catalysts aﬀects their catalytic activity. The computational study provided us with general design principles: (1) the catalyst reactivity decreases with increased chain length, that is, from methyl to ethyl and propyl, mainly because of increased conformational entropy; and (2) aliphatic nitrogen-heterocycles provide a catalytically active alternative for tertiary amines containing N,N-dimethyl groups. The activity of the aliphatic heterocycles follows Bent’s rule, suggesting that the catalyst reactivity is decreased with 8207
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 The Journal of Organic Chemistry with air ﬂowing over it, with an air exchange rate of 1.28 h−1 and 10% relative humidity. The exhaust airstream (6 L) containing formaldehyde from PU foam is sampled after a preconditioning time of 2 h. Formaldehyde is collected on a dinitrophenyl hydrazine (DNPH) column (cartridge). After absorption, the DNPH cartridge is eluted with 5 mL acetonitrile/water mixture (1:1) and obtained solution analyzed by HPLC to quantify the formaldehyde in the sample. The results are expressed as emission per volume of air sampled (μg/m3). The method’s limit of detection for formaldehyde is ≤11 μg/m3.
 
 ■
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