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Introduction 
 
 Reactive polyurethane-based coatings and adhesives are typically prepared by reacting 
polyether or polyester polyols with a stoichiometric excess of a di- or multifunctional 
isocyanate-containing compound.  These prepolymers, or B-stage resins, then react with 
moisture in the substrates, the atmosphere, or both to complete the curing process (Figure 1).   
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Figure 1. Moisture Curing of Isocyanate-Based Formulations 
 
 

 While the ultimate properties of these materials are quite good, the isocyanate/water 
reaction is relatively slow.  In addition, hydrophobic formulation components and substrate 
geometry may limit diffusion of moisture to the reactive sites.  These restrictions led us to 
search for latent curing agents that could, on demand, be activated by exposure to an energy 
source.  Of the possible energy sources available, ultraviolet irradiation (UV) was chosen 
because it is rapid, cost effective, and currently being used on a production scale to cure other 
chemistries (i.e., acrylates, epoxies, etc.). 



 Our initial concept focussed on developing molecules that would decompose to form  
multifunctional nucleophiles upon exposure to UV irradiation.  A review of the literature showed 
that amine1, hydroxyl2, and thiol2 functionality had been generated by exposure of UV-labile 
precursors to UV irradiation.  These methods were typically developed to provide protecting 
groups for the target functionality in multistep organic syntheses although the work of 
Nishikubo, et al. attempted to generate amines from arylformamides to cure epoxy and 
polyurethane oligomers.1a  
 
 Photogeneration of amines was chosen for our investigation due to the rapid reaction of 
isocyanates with amines, relative to hydroxyl or thiol functionalities.3   Three reported 
approaches to generating amines looked promising from a synthetic standpoint.  The first of 
these involved the photodecomposition of arylamides formed by the reaction of aryl 
isocyanates and carboxylic acids.1a  The second approach, developed by Frechet, et al., 
involved the UV decomposition of 2-nitrobenzyl carbamates. The third method of generating 
amines via photodecomposition was reported by Chae and coworkers (Scheme 2).1c  This 
group was interested in preparing amino-functional polymers in which the amines could 
subsequently be converted to diazo dye sites.  Their goal was to produce a photoimagable 
polymer film by converting benzophenone oxime carbamates to the corresponding amine via 
exposure to UV irradiation.  This amine-functional polymer was then diazotized to form dye 
sites only where irradiation had occurred.  The amine monomer 3 was prepared by irradiating 
benzophenone oxime carbamate 2, which was prepared in three steps from 4-
maleimidobenzoic acid (1).  This work was interesting for our purposes because the first two 
synthetic steps were conducted to generate isocyanate functionality in-situ via Curtius 
rearrangement.  Therefore, we believed that benzophenone oxime carbamates of 
commercially available multifunctional isocyanates could be prepared as latent crosslinkers.  
After screening all three of these routes to photogenerated amines, we chose the oxime 
carbamate approach as the most interesting to pursue in terms of effectiveness, structure 
variation, and toxicity of byproducts. 
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Figure 2.  Photogeneration of Amines from Benzophenone Oxime Carbamates  



Mechanistically, the conversion of oxime carbamate to the corresponding amine is as outlined 
in Figure 3.  Initial absorbance of the UV-irradiation leads to homolytic cleavage of the 
nitrogen-oxygen bond.  Decomposition of the resulting carbamate radical is driven by formation 
of carbon dioxide.  The nitrogen-centered radical, formed by loss of CO2 then abstracts a 
hydrogen to complete formation of the amine.  In addition, tetraphenylazine is formed as a 
byproduct. 
 

 
 

Figure 3. Proposed Mechanism for Oxime Carbamate Photodecomposition



Procedure 
 General 
 All reagents were used as received except where noted.  Reagents were obtained from 
Sigma-Aldrich Chemical Company, except for the Desmodur products, which were obtained 
from Bayer Corporation.  Photoinitiators used as oxime substrates were provided by Chitec 
Chemical Company, Ltd., via Maroon and Campbell, Inc.  Solvents were anhydrous grade 
except for toluene, which was dried over 5Å molecular sieves prior to use.  Reactions involving 
isocyanates were typically conducted in oven-dried, multineck round bottom flasks fitted with a 
teflon/glass mechanical stirrer, thermometer, reflux condenser (if solvent was used), and inlet 
and outlet adapters for N2 flow. N2 was passed through Drierite prior to use.   
 
 Analytical 
 FT-IR spectra were obtained on KBr disks using a Nicolet Magna-IR 560 spectrometer, 
or a MIDAC M series real-time IR spectrometer.  1H-NMR spectra were obtained on either a 
Varian DPX 400 MHz spectrometer, or a Bruker 300 MHz instrument using CDCl3 or DMSO-d6 
solvent.  UV-Visible spectra were obtained in CH3CN (0.1 mM) using a Perkin Elmer Lamda 20 
UV/Vis spectrometer. Isocyanate titrations were conducted according to the procedure outlined 
in ASTM D2572-80. 
 
 Synthesis   
 Oximes: Oximes were prepared according to reported methods.4 The actual method 
used was determined by product yield for each substrate.  For our studies, the oximes were 
recrystallized from methanol and thoroughly dried prior to use in subsequent reactions. 
 
 Oxime Carbamates: Oxime carbamates were prepared by adding an equivalent molar 
amount of oxime to the isocyanate-containing compound which was previously dissolved in 
either anhydrous toluene or CHCl3 under a blanket of dry N2.  The reaction was conducted at 
60 °C until complete consumption of isocyanate functionality was indicated by IR 
spectroscopy.  The product was then concentrated by rotary evaporator followed by Kugelrohr 
distillation (80 °C, 1-2 mm Hg). 
 
 Irradiation 
 Irradiations were conducted as noted using either a UVProcess® Supply, Inc. curing line 
equipped with a medium-pressure Hg bulb, or an EFOS Novacure® spot cure unit.  The 
UVProcess line was operated at an intensity of 300 WPI and a belt speed of 12 FPM.  This 
resulted in irradiation dosages of 1350, 1210, 194, and 750 mJ/cm2 for UV-A, UV-B, UV-C, 
and UV-V spectral ranges, respectively.  A typical irradiation procedure involved coating the 
material to be irradiated between two KBr IR plates, followed by irradiation through the plates.  
In the case of isocyanate-containing materials, the samples were prepared under dry N2 and 
kept in a dessicator before and after irradiation.   
 



Results and Discussion 
 
 The utility of using benzophenone oxime carbamates as UV-generated crosslinkers was 
examined by first preparing benzophenone oxime.  Oxime carbamates were then formed from 
reaction with either di- or multifunctional isocyanates.  For this initial study, we chose 
Desmodur W and Desmodur N-3400 as the isocyanate-functional substrates due to the fact 
that they would ultimately generate aliphatic amines, which are more reactive than aromatic 
amines toward isocyanates (Figure 4). 
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Figure 4. Preparation of Benzophenone Oxime Carbamates  
From Commercial Aliphatic Isocyanates 

 
 

 These oxime carbamates were analyzed by UV-Vis spectroscopy and found to have 
maximum absorbance in the 250-260 nm range with significant absorbance up to 300 nm. To 
confirm photodecomposition of these materials, films were cast from CH2Cl2 onto IR salt plates 
and irradiated on the UVProcess® Curing Line at a lamp setting of 300 WPI and a belt speed of 
12 FPM with IR spectra taken before irradiation and after 1 and 10 passes.  As shown in 
Figure 5, the desired photodecomposition of the Desmodur N-3400-based oxime carbamate 
was confirmed by the disappearance of the carbamate carbonyl absorbance (1742 cm-1) as 
well as the appearance of the amine absorbance at 3355 cm-1.  



 Oxime Carbamate Decomposition Amine Formation 
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Figure 5. Irradiation of Desmodur N-3400/Bis Benzophenone Oxime Carbamate 

(Oxime Carbamate Decomposition: 1742 cm-1, Amine Formation: 3355 cm-1) 
 
 
 Having confirmed the desired photochemical amine generation from these substrates, 
studies were then conducted to evaluate the curing of reactive polymers with these UV-
generated crosslinkers.  The first involved mixing the benzophenone oxime carbamates of 
Desmodur N-3400 and Desmodur W with a reactive hot melt adhesive (RHM) formulation 
containing residual isocyanate functionality.   Our goal was to react these isocyanates with the 
amines generated by UV-decomposition of the benzophenone oxime carbamates.  For this 
study, the crosslinkers were added at equivalent stoichiometric levels.  Films of the 
RHM/crosslinker mixture were coated onto IR salt plates and irradiated using the UVProcess 
curing line (medium pressure Hg lamp).  Energy density was maximized by using the highest 
lamp setting (300 WPI) and the slowest belt speed (12 FPM).  The actual energy density 
values were 1350 mJ/cm2; 1200 mJ/cm2; and 190 mJ/cm2 in the UV-A, UV-B, and UV-C 
ranges, respectively.  IR spectra were taken initially and after 1, 3, and 5 passes through the 
curing line.  Relative efficiency was determined by observation of the isocyanate absorbance 
at 2270 cm-1.  
 
 Figure 6 shows the reduction in isocyanate absorbance for formulations containing 
benzophenone oxime carbamates of either Desmodur W (W) or Desmodur N-3400 (N-3400) 
after the first pass through the curing line.  The results show these benzophenone oxime 
carbamates to be effective curing agents and that the higher functionality of N-3400-based 
crosslinkers leads to improved curing relative to the purely difunctional Desmodur W-based 
compound.   
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Figure 6. Curing of RHM with UV-Generated Crosslinkers  

 
 

  Having successfully demonstrated curing using benzophenone oxime carbamates 
prepared from commercial isocyanates, we decided to examine the concept of reacting a 
portion of the isocyanates present in prepolymers to obtain “internal” crosslinking sites.  The 
internal crosslinker approach has several advantages over adding a separate crosslinking 
species.  The main technical advantage is that each amine generated from the UV 
decomposition of an internal site leads to chain extension, where decomposition of both ends 
of a separate crosslinker species is required.  Additional benefits include better formulation 
compatibility and reduced cost. 
To test this hypothesis, we converted 50 mole% of the isocyanates present in a commercial 
reactive hot melt adhesive (RHM) formulation to benzophenone oxime carbamates in the usual 
manner.  While the RHM is a highly formulated product, the reactive species is a prepolymer 
based on polyether/polyester glycols endcapped with methylene bis-diphenyl diisocyanate 
(Figure 7).   
 



N
OH

50 mol%

hν

N O
N

H

O

++

n

+

n

N
H

H

N C O

N
H

N

O

H

N N

N C ONO
ON

H

O

O

H

NCO

NO
ON

H

O

O

H

NCO

CHCl3

CO2

 
 

Figure 7. Preparation and UV Curing of Reactive Hot Melt Adhesive with Internal  
Benzophenone Oxime Carbamates 

 
 

 The curing efficacy of this derivatized formulation was determined by coating films 
between KBr plates and irradiating through the plates using the UVProcess curing line as 
described previously. Reaction progress was monitored by FTIR spectroscopy by comparing 
samples that were irradiated for one and two passes through the curing line to an unirradiated 
control. 
 
 IR spectra of the three samples appear in Figure 8.  The isocyanate absorbance at 
2270 cm-1 has been dramatically reduced after one irradiation pass with only a slight reduction 
resulting from an additional pass.  The residual isocyanate after one pass was < 3% of the 
unirradiated control.  Therefore, the concept of incorporating an “internal” UV-generated amine 
precursor appears to be viable using benzophenone oxime methodology. 
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Figure 8. Irradiation of RHM with “Internal” UV-Generated Amine Precursor 

 
 

 While the benzophenone oxime approach to photogenerated amines was successful, it 
was found to have a practical limitation in terms of cure depth.  Films of about 1 mil thickness 
could be completely cured, but curing efficiency dropped dramatically at greater thickness.  
Our hypothesis is that beyond 1 mil, the absorbance of the aromatic rings from the MDI-based 
carbamates and/or the tetraphenyl azine byproduct outcompete the benzophenone 
chromophore for photons.  We then focused our research on the development of 
chromophores with longer wavelength absorbance, which we hoped would lead to 
improvements in curing depth.  To this end, we identified a variety of commercially available 
chromophores that potentially could be converted to the corresponding oximes and 
subsequently, oxime carbamates (Figure 9). 
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Figure 9. Commercial Photoinitiators as Potential Substrates for Conversion to Oximes 
 
 

 Due to the different electronic environments around the carbonyl groups in each 
substrate, the efficiency of conversion to oxime differed substantially.  Table 1 shows the 
isolated yields of oxime from each substrate.  These results were obtained using the most 
effective preparative method for each substrate (vide supra).4  Substrates containing 
morpholine rings were completely resistant to oxime conversion. 
 



Table 1. Conversion of Commercial Photoinitiators to the Corresponding Oxime 
 
 Substrate Oxime Conversion (%) 

Benzophenone  99 
4-Methoxybenzophenone  98 

4,4’-Dimethoxybenzophenone  99 
4-Nitrobenzophenone  90 

4-Benzoyl-4’-methyldiphenylsulfide  88 
Xanthone  61 

Thioxanthone  24 
Isopropylthioxanthone  * 

N,N,N’N’-Tetraethyl-4,4’-diaminobenzophenone  * 
2,4,6-Trimethylbenzoyldiphenyl phosphine oxide  * 

2-Methyl-1-[4-methylthiophenyl]-2-morpholino-propan-1-one  No Reaction 
2-Benzyl-1-dimethylamino-1-[4-morpholinophenyl]-butan-1-one  No Reaction 
*Oxime formed, but recrystallization from methanol was not successful. 
 
 
 The oximes that could be prepared and isolated were screened for curing efficacy by 
first preparing the corresponding bis-oxime carbamates of hexamethylene diisocyanate (HDI).  
HDI was chosen since it was difunctional and because it was relatively easy to synthesize and 
characterize (Figure 10). 
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Figure 10. Preparation of HDI-based UV-Generated Crosslinkers  
 
 

 The curing effectiveness of these oximes was determined by curing a model reactive 
hot melt adhesive formulation with an equimolar amount of the corresponding HDI oxime 
carbamate.  This initial screening showed that the highest degree of cure was obtained using 
benzophenone, 4-methoxybenzophenone, or 4-benzoyl-4’-methyldiphenylsulfide.  These 
oximes were then used to prepare carbamates using 50% of the isocyanate functionality 
present in the reactive hot melt formulation.  The oxime carbamate-modified RHMs were then 
cast between IR plates at 0.8 mil thickness and the plates were stacked to obtain a total 
thickness of 3 mils.  After irradiation, the individual plates were analyzed by FTIR to determine 
the extent of cure for each layer.  Figure 11 compares the residual isocyanate  
(peak at 2270 cm-1) for each layer using either benzophenone or 4-methoxybenzophenone as 
the chromophore.  By integrating these peaks and comparing them to integrals for the control 
samples, the percentage of curing could be calculated.  The results of this analysis for 
benzophenone, 4-methoxybenzophenone, and 4-benzoyl-4’methyldiphenylsulfide are shown in 
Figure 12.  This plot shows the extent of cure as a function of film thickness for all three 
chromophores.  The greatest curing is obtained using 4-methoxybenzophenone, with 
benzophenone and 4-benzoyl-4’-methyldiphenylsulfide performing less effectively.   



However, these data show that the practical thickness limit for curing using 4-
methoxybenzophenone oxime carbamate is in the range of 1.5-2 mils. 
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Figure 11. UV Curing of RHM Modified with Benzophenone Oxime 
Carbamate (left) and 4-Methoxybenzophenone Oxime (right) 
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Figure 12. Depth of Cure vs. Film Thickness for Reactive Hot Melt  

    Formulation Modified with Oxime Carbamates 



 
Conclusions 
 Oxime carbamates have been reported to photolyze to the corresponding amine upon 
exposure to ultraviolet radiation.  We have found that oxime carbamates based on 
multifunctional isocyanates can be used as photogenerated curing agents for isocyanate-
functional formulations.  In addition, oxime carbamates prepared directly on these isocyanate-
functional prepolymers can be used to form integral amine functionality.  Curing thickness can 
be influenced by the specific chromophore used, but is not directly correlated to the 
wavelength of absorbance.  To date, this methodology is limited to relatively thin films.  
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