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Abstract 
The formation of a codrug, a cocrystal formed by two active pharmaceutical ingredients (APIs), between 

theophylline (THEO) and pyridoxineHCl (PyrH+Cl-) is reported. The THEO PyrH+Cl- drug-drug cocrystal could 
turn out to be interesting in the pharmaceutical field because these two APIs are concurrently administered 
for asthma treatment. The codrug was characterized by a combined experimental and computational 
investigation by means of SCXRD, SSNMR and DFT calculations. An exhaustive SSNMR study was performed 
to unravel the complex network of hydrogen bond interactions which was poorly defined by SCXRD. Several 
advanced 2D SSNMR spectra such as 1H DQ MAS, 13C-1H HETCOR, 14N-1H J- and D-HMQC were acquired, taking 
advantage of the resolution and sensitivity improvement provided by indirect detection pulse sequences and 
very fast MAS at 70 kHz. These experiments, supported and completed by DFT calculations, were 
fundamental in accurately determining the position of hydrogen atoms and thus in elucidating the hydrogen 
bond network. They also allowed to define the ionic character of the drug-drug cocrystal, which can be more 
properly defined as a drug-drug salt cocrystal. 
 
Introduction 
The combination of multiple active pharmaceutical ingredients (APIs) into unit doses has become a popular 
strategy in particular for the therapy of many complex disorders, such as infectious diseases, HIV/AIDS, 
cancer, diabetes, and cardiovascular diseases.1 This approach proves advantageous mainly for two reasons: 
(i) because monotherapy (i.e. targeting a specific receptor) is no longer considered effective, and (ii) because 
it results in reducing the pill load and also any possible mistake by patients, which often leads to high costs. 
When the necessity of taking more than one drug arises, which is frequent, indeed, for prolonged and 
elaborate therapies, complicated schedules for assumptions and doses are involved. It has been calculated 
that every year the consequences of a wrong approach to a therapy cost several billions of dollars, because 
of a quite large number of hospitalizations and deaths.2,3 
Drug-drug cocrystallization is an alternative method to the employment of heterogeneous mixtures which 
could offer potential advantages over traditional combination drugs. Thanks to the supramolecular synthon 
approach, a codrug may also lead to an improvement, at least for one component, of physicochemical 
properties, such as enhanced solubility, dissolution rate and bioavailability,4–6 chemical and physical 
stabilization through intermolecular interactions,7,8 and assistance in lifecycle management of existing 
products. Furthermore, the possibility of patenting a codrug is significantly appealing for pharmaceutical 
companies from the intellectual property protection point-of-view. 
Several codrugs can be found in the literature,9 despite their complexity in design and synthesis. Some 
notable examples are those of theophylline with sulfamethazine,7 barbital,10 and 5-fluorouracil,11 
ethenzamide with gentisic acid,12 and lamivudine with zidovudine.13 Some of us recently reported on the 
obtainment of a codrug between indomethacin and caffeine that resulted in a 3 times improvement of the 
in vitro bioavailability of indomethacin,14 suggesting that sometimes drug-drug cocrystallization represents a 
strategy to tune the performances of APIs. The recent approval by the US Food and Drug Administration 
(FDA) of the first drug-drug (sacubitril/valsartan) cocrystal product (Entresto, manufactured by Novartis) may 
spark even more interest in exploring new drug-drug cocrystal combinations.15,16  
Theophylline (THEO) is a BCS (Biopharmaceutical Classification System) class I drug (high solubility, high 
permeability)17–19 widely used as a bronchodilating agent for asthma treatment. However, it may produce 
serious side effects and its induced seizures lead to high morbidity and mortality.20 Concerns regarding the 
risk-benefit ratio have resulted in its infrequent prescribing. Since the administration of THEO causes vitamin 



B6 deficiency,21 the side effects of its use can be reduced by prescribing vitamin B6, also known as pyridoxine 
(Pyr).22,23 Thus, a codrug between THEO and Pyr or PyrH+Cl- could prove valuable for the treatment of asthma, 
as well as from a crystal engineering point-of-view, because THEO possesses three hydrogen bond (HB) 
acceptors, two carboxylic moieties and a heterocyclic nitrogen atom, while PyrH+Cl- displays several hydroxyl 
groups acting as HB donors (Scheme 1).  

 
 

THEO PyrH+Cl- 
Scheme 1. Chemical structures of THEO and PyrH+Cl-, with atom numbering. 
 
THEO exists in four polymorphic forms24–27 and two hydrates.28,29 Recently, several codrugs were also 
reported with 5-fluorouracil,11 phenobarbital,10 diflunisal and diclofenac,30 and sulfamethazine7 In all these 
structures, N7’ and N9’ are always involved in strong HBs as donor and acceptor groups, respectively; the 
C6’=O13’ moiety acts only rarely as a strong HB acceptor, while C2’=O12’ forms almost always weak HBs with 
CH groups. On the other hand, PyrH+Cl- exists as a single polymorph and, to the best of our knowledge, no 
codrugs involving it are present in the literature. 

We report here on the preparation of a THEOPyrH+Cl- codrug formed by two APIs usually given in co-therapy. 
Moreover, the codrug represents a challenging model system from the HB characterization point-of-view, 
since several HB donors and acceptors (3 OH and 2 NH groups and 2 C=O moieties and 1 aromatic nitrogen 
atom) are present. The codrug was characterized by single crystal X-ray diffraction (SCXRD); however, owing 
to the poor definition of the hydrogen atom positions, a combined experimental and computational 
investigation by means of solid-state NMR (SSNMR) and DFT (density functional theory) calculations was 
performed to give a full and consistent description of the obtained drug-drug cocrystal. Due to its varied HB 

motifs, THEOPyrH+Cl- codrug offers a chance  to test the limits of 1D and 2D SSNMR experiments in providing 
a complete assignment of strongly overlapped 1H resonances associated to H-bonded atoms whose chemical 
shift is far from the “conventional” HB region (> 10 ppm). Several advanced 2D SSNMR spectra such as 1H DQ 
MAS, 13C-1H HETCOR, 14N-1H J- and D-HMQC allowed to unravel the complex network of HB interactions (not 
fully clear from SCXRD data) and to define the ionic character of the drug-drug cocrystal which can be more 
properly defined as a drug-drug salt cocrystal. It is well known that SSNMR is able to provide information on 
HBs such as: detection and strength, from 1H chemical shifts in 1D spectra31–34, position of the hydrogen atom 
from 13C and 15N chemical shifts35,36 and 1H-1H and 1H-13C spatial proximities, from 2D spectra.37–39 
In the last years, advanced 2D experiments, leveraging the improved resolution achieved with sample 
spinning speeds higher than 70 kHz, have provided direct evidence of the position of the hydrogen atom 

along NHO contacts.40 In particular, the 1H-14N HMQC experiment, applied both in the J- and in the D-

version, offers insights on the formation of N-HO rather than NH-O interactions. The pulse sequence 
exploits the indirect detection of 14N lineshapes through a combination of J-coupling and residual dipolar 
splittings (RDS) in the J-version,41,42 whereas the D-version is based on the recoupling of 1H-14N heteronuclear 
dipolar interactions.43–45  
Raman spectroscopy and thermal analyses (DSC and TGA) completed the characterization. 
 
Experimental Part 
THEO, hexane and ethanol were purchased from Sigma Aldrich, whereas PyrH+Cl- from Alfa Aesar. All 
compounds and solvents were used without any further purification. THEO was verified to be in its form II by 
comparing experimental and calculated PXRD (data not shown) and the 13C CPMAS SSNMR spectrum with 
those previously reported.26,46 



White microcrystalline powder of THEOPyrH+Cl- was obtained by evaporating an ethanol solution of THEO 
(26 mg, 1.46*10-4 mol) and PyrH+Cl- (30 mg, 1.46*10-4 mol) at room temperature. Sonication of the solution 
for 60 min before crystallization resulted essential for the achievement of the codrug. Plate‐like single crystals 
for SCXRD were obtained by vapor diffusion crystallization: a 1:1 solution of THEO and PyrH+Cl- in ethanol 
was exposed to hexane vapors for 7 days. 
X-ray diffraction 
The single-crystal data were collected with a Gemini R Ultra diffractometer with graphite-monochromated 
Mo-Kα radiation (λ = 0.71073 nm) by the ω-scan method. The cell parameters were retrieved with the 
CrysAlisPro software and the same program was used to perform data reduction with corrections for Lorenz 
and polarizing effects. Scaling and absorption corrections were applied through the CrysAlisPro47 multiscan 

technique. The structure of THEOPyrH+Cl- was solved with direct methods by using SHELXS-9748 and refined 
with full-matrix least-squares techniques on F2 with SHELXL-97. All non-hydrogen atoms were refined 
anisotropically. Hydrogen atoms were located in the final Fourier difference maps and refined with 
coordinates and Uiso calculated and riding on the corresponding bonded atoms. The bond lengths and angles 
are reported in Table S1 in the Supporting Information, and the crystal data and refinement results can be 
found in Table 1. The underlying net derived by simplification from the crystal structure was analyzed and 
represented with ToposPro, Version 5.1.0.949 by considering the HBs between different fragments as defining 
interactions.50 The graphics of the crystal structure were generated using Mercury 3.9.51 CCDC 1581747 

contains the supplementary crystallographic data for THEOPyrH+Cl-. 

 

Table 1. THEOPyrH+Cl- crystal data. 

Chemical formula C7H8N4O2,C8H12NO3,Cl 

Mr 385.81 

Crystal system, space group Orthorhombic, Pnma 

Temperature (K) 293 

a, b, c (Å) 27.733(2), 6.6137(7), 9.0489(6) 

V (Å3) 1659.7(2) 

Z 4 

Radiation type Mo Kα 

µ (mm−1) 0.271 

Crystal size (mm3) 0.73× 0.42× 0.36 

Tmin, Tmax 0.85592, 1.000 

No. of measured, 
independent and observed [I 
> 2σ(I)] reflections 

6392, 5134, 1591  

Rint 0.0543 

R[F2 > 2σ(F2)], wR(F2), S 0.0464, 0.0962, 1.065 

No. of reflections 1591 

No. of parameters 174 

Δρmax, Δρmin (e Å−3) 0.192, -0.276 

 
Raman spectroscopy 
Raman spectra were collected on a Bruker Vertex 70 instrument, equipped with a RAM II module. The 
employed excitation source was a 1064 nm laser with a power varying in the range 35-50 mW and a number 
of scans between 80 and 1000, depending on the sample; resolution was set at 4 cm-1 for all spectra. A 
spectral range of 50-4500 cm-1 was scanned, using a CaF2 beam splitter. The spectra were processed with 
Bruker OPUS v.7.0 software. Raman spectroscopy was exclusively used for the cocrystallization screening. 
Solid-state NMR measurements 
13C CPMAS and 15N CPMAS 1D solid-state NMR measurements were performed on a Bruker Avance II 400 
instrument operating at 400.2, 100.6 and 40.5 MHz for 1H, 13C and 15N nuclei, respectively. Cylindrical 4 mm 
o.d. zirconia rotors with a sample volume of 80 μL were employed and spun at 12 (13C) and 9 (15N) kHz. 13C 

and 15N chemical shift scales were referenced to -glycine (13C methylene signal at 43.5 ppm),52 and to 



(NH4)2SO4 (14N signal at 0 ppm and 15N signal at 24.7 ppm with respect to NH3), respectively. Additional details 
about the chemical shift referencing may be found in the Supplementary Material. 
1H MAS, 1H DQ MAS, 2D 13C-1H HETCOR (indirect detection), and 2D 14N-1H J- and D-HMQC (indirect detection) 
spectra were collected on a Jeol ECZR 600 instrument, operating at a frequency of 600.1, 150.9, and 43.4 
MHz for 1H, 13C, and 14N, respectively. Samples were packed in 1 mm (o.d.) cylindrical zirconia rotors (sample 
volume 0.8 μl). All measurements were acquired at probe temperature with a spinning speed of 70 kHz. 
Previous internal tests showed that, at 70 kHz, the sample temperature increase is about 20-25 Celsius 
degrees which is far below any possible conversion/melting/degradation point. Detailed information on the 
used pulse sequences and parameters is reported in the Supporting Information. 
1H, 13C and 14N chemical shift scales were referenced to the resonance of adamantane (1H signal at 1.87 ppm), 
alanine (13C methyl signal at 19.6 ppm),53 (NH4)2SO4 (14N signal at 0 ppm with respect to NH3), which were 
used as external standards. 
Thermal analysis 
Thermogravimetric analyses (TGA) were performed on a Q600 SDT TA instrument equipped with a DSC heat 
flow analyzer, using a temperature range of 40-400°C under 50 mLmin-1 N2 flow. Samples (5-10 mg of weight) 
were placed into the furnace inside alumina crucibles and heated with a ramp of 10 °Cmin-1. Calorimetric 
experiments (DSC) were collected on a DSC Q200 TA instrument. Samples were accurately weighed (5-10 mg) 
and put into aluminium pierced pans. Calibration for temperature and heat flow was performed in a 40-350 
°C temperature range, with heating rates of 10 °Cmin-1. 
Computations 

Periodic lattice calculations were performed by means of Quantum Espresso v.5.1.2.54 The Generalized 
Gradient Approximation (GGA) functional PW86PBE55 with the inclusion of the exchange-hole dipole moment 
(XDM)56 dispersion correction method for accurate model of the HB interaction was used in all calculations. 
XDM dispersion energies were computed using the modified version of Quantum Espresso, adopting the 
appropriate damping parameters for the functional PW86PBE (a1 = 0.6836 and a2 = 1.5045). For geometry 
optimizations, the solid-state crystal structures were considered as starting structures. Calculations were 
performed with a fixed cell scheme by relaxing all atoms, adopting the Kresse-Joubert Projected Augmented 
Wave pseudopotentials.57 A cut-off of 60 Ry was used for structural optimization, whereas NMR chemical 
shifts were calculated using an 80 Ry energy cut-off by the GIPAW method.58 The Brillouin zones were 
automatically sampled with the Monkhorst-Pack scheme.59 Geometry optimization and NMR chemical shift 
calculations were performed with a grid mesh of 1x2x2. The theoretical absolute 1H, 13C and 15N magnetic 

shielding () values were converted into the corresponding chemical shifts () relative to the absolute 
magnetic shielding of the reference substance diazabicyclo[2:2:2]octane (dabco), computed at the same 
level. For practical purposes, the 1H and 13C chemical shifts were reported against TMS (the experimental 

values of  1H and 13C for dabco vs. TMS are 2.5 and 47.7 ppm, respectively); 15N chemical shifts were reported 

against liquid ammonia (the experimental values of  15N for dabco vs. liquid NH3 is 10.9 ppm) in a similar 
way as previously described.37 
 
Results and Discussion 
Cocrystallization of equimolar quantities of THEO and PyrH+Cl- in ethanol allowed to obtain the drug-drug 

cocrystal THEOPyrH+Cl-. All the analytical techniques used, i.e., Raman, PXRD, and SSNMR show the 
quantitative formation of a new phase through remarkable changes in the spectral features (see Raman 
spectra and PXRD patterns in Figures S1 and S2 in the Supporting Information, respectively and 13C CPMAS 
spectra in Figure 2). SCXRD provided the structure while SSNMR verified the formation of a drug-drug salt 
cocrystal and clarified the positioning of the H10, i.e. whether pointing toward N9’ or O11. The comparison 
between the experimental and computed PXRD patterns (Figure S3 in the Supporting Information) confirms 
that the crystal structure is representative of the whole powder. 

THEOPyrH+Cl- crystallizes in the orthorhombic space group Pnma. Accordingly to X-ray data and both 13C and 
15N CPMAS NMR spectra (see below), the asymmetric unit (Figure S4 in the Supporting Information) contains 
one THEO and one PyrH+Cl- molecule. Several SSNMR data (see below) agree with the preservation of the 

ionic character of PyrH+Cl- in the cocrystal. The two molecular fragments are connected by a O11-H11O12’I 

HB (O11O12’I distance = 2.703(5) Å, I = x, y, z-1) (Figure 1a). On the other hand, the uncertainty in the 



position of the H10 hydrogen atom does not allow to reveal if it points toward N9’ to form an intermolecular 

O10-H10N9’ contact or toward O11 to form an intramolecular O10-H10O11 HB. An in-depth SSNMR and 
DFT analysis (see below) shows that the intramolecular HB between the two vicinal alcoholic groups is 

present (O10O11 distance = 2.554(5) Å). Thus, the proximity between N9’ and O10 is due to the packing 

and it is perhaps favored by the C8’-H8’O12’I weak interaction (C8’O12’I distance = 3.593(4) Å; H8’O12’I 
distance= 2.399 Å, I = x, y, z-1; latter data obtained from the DFT optimized structure, see below). In this 

context, the C2’=O12’ acts as a bifurcated HB acceptor with C2’=O12’H8’ and C2’=O12’H11 angles of 
142.4° and 149.6°, respectively in agreement with the most recurring values reported in the literature.60 The 
molecules form layers through a complex network of HB interactions which involves the Cl- ion (Figure 1c): 

N7’-H7’Cl1-II (N7’Cl1-II distance = 3.144(3) Å, II = ½+x, ½-y, ½ -z), O12III-H12IIICl1- (O12IIICl1- distance = 

3.145(4) Å, III = x-1, y, z-1) and N1+IV-H1IVCl1- (N1+IVCl- distance = 3.144(4) Å, IV = x-1, y, z) with a trigonal 
planar disposition. The overall pattern of HBs in the (001) planes can be described by a 2D unimodal 
hexagonal net with point symbol {63} with chloride ions and Pyr molecules as three connected nodes and 
THEO molecules as spacers (Figure 1b). The distance between the different layers is approximately 3.3 Å, 

similar to that of - stacking-based systems, and there is no directional interaction that connects the planes. 

Interestingly, the HB network formed by PyrH+Cl- in the codrug (i.e. intramolecular O10-H10O11, N1+-

H1Cl1-, and O12-H12Cl1-) resembles that of pure PyrH+Cl- (CSD code: PYRXCL01; O10O11, N1+Cl1-, and 

O12Cl1- distances = 2.598, 3.113 and 3.086 Å, respectively) suggesting that this is the most stable 
conformation/HB arrangement for this salt. 
 

a) 

 

b
) 

 

c) 

 



Figure 1. (a) Crystal structure of THEOPyrH+Cl- (thermal ellipsoids at 70%), with atom numbering. (b) 2D 
unimodal hexagonal net formed by intermolecular HB interactions in the (001) planes (see main text). (c) 
Representation of the structure (thermal ellipsoids at 70%) of the (001) layer. C: gray; H: white; O: red; N: 
azure; Cl: green. 
 
SSNMR and DFT calculations were effectively combined to address the following points: a) probing the nature 
of the adduct, i.e. whether neutral (cocrystal) or ionic (salt), b) unravelling the complex HB network and c) to 

better define the position of H10, i.e. whether pointing toward O11 to form a O10-H10O11 HB or toward 

N9’ to form a O10-H10N9’ contact. This approach has been successfully applied in the literature, in 
particular for those cases in which the structure was solved from the XRPD pattern.61–66 In this context, we 
demonstrated that it can complete and support a single crystal structure especially when characterized by 
an extensive and complex HB network. Indeed, SSNMR is well suited to probe the environment of H-bonded 
atoms by means of dipolar-based 2D experiments.67 On the other hand, periodic DFT calculations with 
dispersion correction give a reliable correlation between the position of light atoms (such as hydrogen) and 
the energy of the system. Furthermore, they support the chemical shift assignment that can often prove 

challenging because of the strong overlapping as in THEOPyrH+Cl-, where 5 HB donors (3 OH and 2 NH groups) 
are present. Thus, 1D (1H MAS, 13C and 15N CPMAS) and 2D experiments (1H DQ MAS, 13C-1H HETCOR, 14N-1H 
J- and D-HMQC) were acquired. Table 2 lists experimental and computed 1H, 13C and 15N chemical shifts with 
assignments. 
 
Table 2. Experimental and computed 1H, 13C and 15N chemical shifts with assignments of THEO 

(experimental only), PyrH+Cl- (experimental only) and THEOPyrH+Cl-. The 13C-1H short-range (contact time 2  
= 0.4 ms) HETCOR (see Figure S5 in the Supporting Information) was fundamental for the 1H and 13C 

assignments in THEOPyrH+Cl-. 

# 
atom 

 1H (ppm)  13C (ppm)  15N (ppm) 

THEO 
(exp) 

PyrH+Cl- 

(exp) 

codrug 
type 

THEO 
(exp) 

PyrH+Cl- 

(exp) 

codrug THEO 
(exp) 

PyrH+Cl- 

(exp) 

codrug 

exp calc exp calc exp calc 

1 

 

14.6 14.1 13.7  

 

   

 

200.0 191.3 189.5 

2    Cq 140.9 143.9 145.8    

3    Cq 152.5 154.1 159.9    

4 or 5    Cq 135.6 133.4 138.2    

5 or 4    Cq 135.6 135.2 138.2    

6 7.3 8.1 7.5 CH 124.3 125.9 127.5    

7 2.6 3.3 3.1 CH3 15.6 16.7 15.2    

8 5.6 5.0 5.6 CH2 58.2 56.6 64.0    

9 5.6 5.6 5.0 CH2 61.8 63.5 64.0    

10 10.4 10.4 10.8        

11 5.6 5.3 5.2        

12 5.6 4.9 5.0        

1'  

 

    

 

  153.4 

 

148.6 163.3 

2'    Cq 149.8 152.7 154.6    

3'        111.1 109.4 122.4 

4'    Cq 145.1 147.1 150.8    

5'    Cq 104.8 108.9 113.5    

6'    Cq 154.0 152.7 156.3    

7' 14.6 13.8 14.6     161.9 158.4 164.8 

8' 7.7 7.5 6.9 CH 139.8 136.7 138.1    



9'        217.8 231.1 239.7 

10' 3.4 3.5 3.0 CH3 29.0 29.4 27.3    

11' 3.4 3.9 3.6 CH3 29.0 30.9 29.2    

 
The presence of a single set of resonances in the 13C and 15N CPMAS NMR spectra (Figures 2 and 3, 
respectively) confirms the existence of one THEO and one PyrH+Cl- molecule in the asymmetric unit, in 
agreement with X-ray diffraction (see above). The lack of signals due to unreacted starting materials accounts 

for the quantitative achievement of THEOPyrH+Cl-. 
 

 
Figure 1. 13C (100.6 MHz) CPMAS (R = 12 kHz) NMR spectra of THEO, PyrH+Cl- and THEOPyrH+Cl- codrug 
with relevant assignments. 
 

 
Figure 3. 15N (40.5 MHz) CPMAS (R = 9 kHz) NMR spectra THEO, Pyr and of THEOPyrH+Cl- codrug with 
assignments. 
 
The most relevant 13C shift occurs for the C2’=O12’ carbonyl moiety, whose resonance goes from 149.8 (pure 

THEO) to 152.7 ppm (THEOPyrH+Cl-). This agrees with the formation of a strong O11-H11O12’ and a weak 

C8’-H8’O12’ HBs (O11O12’ and C8’O12’ distances = 2.703(5) and 3.593(4) Å, respectively) with respect 

to the two weak C10’-H10’O12’ contacts (C10’O12’ distances = 3.101 and 3.421 Å) present in pure THEO 
(form II). On the other hand, since the HB arrangement of PyrH+Cl- does not change from pure PyrH+Cl- to 

THEOPyrH+Cl-, C3, C8 and C9 show only small shifts (around 1.6-1.7 ppm), owing to the codrug formation. 



The 15N CPMAS spectrum of THEOPyrH+Cl- (Figure 3) provides evidence that N9’ is not involved in any 
interaction and thus H10 points toward O11 to form an intramolecular HB. In pure THEO form II, N9’ forms a 

N7’-H7’N9’ HB (N7’N9’ distance = 2.786 Å) and its resonance falls at 217.8 ppm. Upon cocrystallization, 

in THEOPyrH+Cl- the signal moves toward higher frequencies to 231.1 ppm ( = 13.3 ppm), typical of a free 
N atom not involved in any interaction. Indeed, it is well known that low-frequency shifts of aromatic nitrogen 
peaks implies the formation of HB interactions.68,69 
Figure 4 shows the 1H MAS spectra of both the starting materials (THEO and PyrH+Cl-) and the codrug. The 

latter is characterized by two signals in the HB region ( > 10 ppm) at  14.0 and 10.4 ppm (integral ratio 2:1). 
The former is attributed, thanks to the 14N-1H J- and D-HMQC spectra (see below), to H7’ (13.8 ppm) and H1 

(14.1 ppm), both involved in strong HBs (NCl distances: 3.144 and 3.206 Å, respectively); the latter is due 

to H10 involved in the intramolecular O10-H10O11 HB. Clearly, the two remaining OH signals, H11 and H12, 
fall in an uncommon region for H-bonded atoms. Their assignment at 5.3 and 4.9 ppm, respectively was 
possible only by combining computational data with 1H DQ MAS and 14N-1H D-HMQC spectra. Interestingly, 
according to the 1H chemical shift (5.3 ppm) which is known to be diagnostic of the strength of HBs, the O11-

H11O12’ HB (O11O12’ distance = 2.703(5) Å), which directly connects the two molecular fragments, is a 
weak interaction. 

 
Figure 4. 1H (600.1 MHz) MAS (R = 70 kHz) NMR spectra of THEO, PyrH+Cl- and THEOPyrH+Cl- codrug with 
relevant assignments. 
 
Figure 5a presents the 2D 14N-1H J-HMQC spectrum. In this experiment, no 1H rf field is applied during t1 so 
that the magnetization transfer is driven by a combination of the isotropic part of the J-coupling tensor, which 
does not vanish with MAS, and the residual dipolar splitting (RDS). The spectrum shows only two correlation 
peaks, corresponding to covalently bonded N-H atoms (i.e. N1+-H1 and N7’-H7’) and allows the determination 
of their chemical shifts at 14.1 and 13.8 ppm (see below the D-HMQC data for the proper assignment). The 

lack of a third correlation rules out any possible presence of N9’+-HO10- HB. On the other hand, the N1+-H1 
correlation confirms the ionic character of the PyrH+Cl- moiety also in the codrug. Moreover, since there is 
no proton transfer between THEO and PyrH+Cl-, the codrug can be more properly defined as a drug-drug salt 
cocrystal. 

The D-version of the 14N-1H HMQC experiment (Figure 5b) was performed to observe longer-range NH 
proximities. A symmetry-based sequence (SR4) was applied during t1 to reintroduce the heteronuclear 14N-
1H dipolar interactions, usually averaged out by MAS. In this way, signals of both covalently linked N-H and 

through-space dipolar coupled NH are observed. The spectrum allows an unambiguous assignment of H1 
and H7’ at 14.1 and 13.8 ppm, respectively through the correlations of the N1 and N7’ resonances. Indeed, 
N1 gives a correlation also with the signal at 7.5 ppm attributed to H6 while N7’ correlates with the peak at 
8.1 ppm due to H8’. Moreover, both N1 and N7’ show a correlation with a methyl signal (H7 and H11’, 
respectively) in agreement with the proximities highlighted in the X-ray structure. On the other hand, N9’ 

does not present any correlation with H10, confirming the lack of the O-HN interaction. N-H distances (data 
obtained from the DFT optimized structure) related to the observed correlations are listed in Table S2. 



 



Figure 5. 2D SSNMR spectra of THEOPyrH+Cl-. (a) 2D 14N-1H (1H = 600.1 MHz; 14N = 43.4 MHz) J-HMQC (R= 
70 kHz) spectrum recorded using texc = trec=1.49 ms. (b) 2D 14N-1H (1H = 600.1 MHz; 14N = 43.4 MHz) D-HMQC 

(R= 70 kHz) spectrum recorded using the SR4 recoupling scheme during t1 with an rf field of 155.8 kHz and 
texc = trec = 0.51 ms. Artifact correlations due to t1 noise are depicted in gray. (c) 2D 1H (600.1 MHz) DQ MAS 

(R = 70 kHz) spectrum recorded using one period of BABA recoupling. DQ correlations between nearby 
hydrogen atoms are highlighted by thick horizontal lines (red for correlations within the layer, black for 
correlations between different layers). (d) Scheme of the main spatial proximities as found in the 14N-1H D-
HMQC (blue) and 1H DQ MAS (red) spectra. 
 

Figure 5c reports the 1H DQ MAS NMR spectrum of THEOPyrH+Cl-. Such kind of technique is generally used 
to probe correlations between pairs of through-space dipolar coupled protons employing schemes such as 
the BAck-to-BAck (BABA) one to recouple the homonuclear 1H-1H dipolar interaction. DQ peaks appear at the 
sum of the coupled SQ peaks. In the system under study, the spectrum confirms the assignment of NH 
protons and allows assigning part of the remaining signals belonging to OH groups. The whole list of 
correlations is reported in Table S3 in the Supporting Information, while the most important results are 
depicted in Figure 5d and can be summarized as follows:  
- there are intermolecular proximities between H7’ (13.8 ppm) and H1 (14.1 ppm) across the Cl- involved in 
3 HBs in trigonal planar disposition (DQ peak at 27.9 ppm) and between H7’ (13.8 ppm) and H11’ (3.9 ppm) 
belonging to a molecule of a backward layer (black correlation line in Figure 5c); 
- H1 (14.1 ppm) presents two correlations due to intramolecular proximities with H7 (3.3 ppm) and H6 (8.1 
ppm); 
- H10 (10.4 ppm) correlates with H11’ and H10’ (3.9 and 3.5 ppm, respectively), H8’ (7.5 ppm) and allows the 
assignment of H11 (5.3 ppm) through the DQ peak at 15.7 ppm. 
All the observed correlations perfectly agree with the optimized structure (see below) confirming the correct 
position of the N-H and O-H hydrogen atoms. 
Owing to the complex HB network present in the codrug and to the impossibility of an unambiguous 1H 
assignment of H12, the X-ray structure was optimized by means of periodic DFT calculations (Quantum 
Espresso v.5.1.2) with the GGA functional PW86PBE and the inclusion of the exchange-hole dipole moment 
(XDM) dispersion correction method for the accurate modeling of the HB interaction. The hydrogen atom 
positions within the HB network refined by SSNMR analysis agree with the optimized structure (Figure 6). To 
verify the reliability of the optimization, the chemical shifts were computed by the well-known GIPAW 
method58,70 and compared with the experimental ones (Table 2). Despite the intrinsic difficulty in modeling 
N-H hydrogen bonds71 or in pinpointing O-H,72,73 experimental and computed values show an excellent 
agreement (1H RMSD = 0.5 ppm; 13C RMSD = 3.5 ppm). The 1H assignment of H7’, H1, H10 and H11 was 
confirmed and it was possible to attribute the signal at 4.9 ppm (strongly overlapped with the aromatic 
resonances) to H12.  



 
Figure 6. Quantum Espresso optimized structure of THEOPyrH+Cl-, with atom numbering. 
 

THEOPyrH+Cl- was also analyzed by means of DSC and TGA to evaluate its thermal behavior with respect to 
pure THEO and PyrH+Cl-. All thermograms are reported in Figures S6-S8 in the Supporting Information. The 
DSC of the codrug (Figure S6) shows two endothermic events at 205°C (peak point; onset T: 200°C) and 230°C 
(peak point; onset T: 227°C). The former represents the melting point of the codrug, which is also associated 
to the decomposition of PyrH+Cl-; the latter is attributed to THEO melting and subsequently decomposing. 
Thus, since the melting/decomposition points of pure THEO and PyrH+Cl- are 273°C and 214°C (peak points), 
cocrystallization appears to lead to a slight decrease of the thermal stability of both components.  
 
Conclusions 

We reported on the cocrystallization of the THEOPyrH+Cl- codrug formed by two APIs, which could turn out 
to be interesting because they are usually administered in co-therapy. A combined experimental and 
computational investigation of the codrug by means of SCXRD, SSNMR and DFT calculations was performed 
to unravel the complex network of HB interactions. The two molecular fragments are connected by two weak 

HBs, namely O11-H11O12’ and C8’-H8’O12’, and by three interactions which involve the Cl- ion (N7’-

H7’Cl1-, O12-H12Cl1- and N1+-H1Cl1-) with a trigonal planar disposition. 
This represents an interesting model system since characterized by 3 OH and 2 NH hydrogen atoms (5 HB 
donors) whose positions were poorly defined by single crystal X-ray data. Several advanced 2D SSNMR 
spectra such as 1H DQ MAS, 13C-1H HETCOR, 14N-1H J- and D-HMQC were acquired, taking advantage of the 
resolution and sensitivity improvement provided by indirect detection pulse sequences and very fast MAS at 
70 kHz. These experiments, supported and completed by DFT calculations, were fundamental to allow an 
unambiguous assignment of the signals in the 1H MAS spectrum and to accurately determine the position of 
hydrogen atoms and thus to elucidate the complex HB network. Furthermore, they were fundamental to 
define the ionic character of the drug-drug cocrystal, which can be more properly defined as a drug-drug salt 
cocrystal. 
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SYNOPSIS 

We report on the synthesis of a codrug between theophylline and pyridoxineHCl. The codrug was 
characterized by a combined experimental and computational investigation by means of SCXRD, SSNMR 
and DFT calculations. The complex network of hydrogen bond interactions was unraveled by defining the 
position of hydrogen atoms, as well as the ionic character of the codrug. 
 

 


