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ABSTRACT 

Irbesartan (IRB) is an antihypertensive drug which exhibits the rare phenomenon of 

desmotropy; its 1H- and 2H- tetrazole tautomers can be isolated as distinct crystalline forms. 

The crystalline forms of IRB are poorly soluble, hence the amorphous form is potentially of 

interest for its faster dissolution rate. The tautomeric form and the nature of hydrogen bonding 

in amorphous IRB are unknown. In this study, crystalline form A and amorphous form of 

irbesartan were studied using 13C, 15N and 1H solid-state NMR. Variable-temperature 13C 

SSMNR studies showed alkyl chain disorder in the crystalline form of IRB, which may explain 

the conflicting literature crystal structures of form A (the marketed form). 15N NMR indicates 

that the amorphous material contains an approximately 2:1 ratio of 1H- and 2H-tetrazole 

tautomers. Static 1H SSNMR and relaxation time measurements confirmed different molecular 

mobilities of the samples and provided molecular-level insight into the nature of the glass 

transition. SSNMR is shown to be a powerful technique to investigate the solid state of 

disordered active pharmaceutical ingredients. 

Keywords: irbesartan, active pharmaceutical ingredient, amorphous form, solid-state NMR, 

tautomerism, desmotropy, molecular mobility, nitrogen-15 SSNMR, spin–lattice relaxation 

time  
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1 Introduction 

Irbesartan (IRB, Figure 1) is a drug belonging to a family of angiotensin II type 1 (AT1) 

receptor blockers known as sartans. It is indicated for the treatment of essential hypertension 

and diabetic nephropathy in hypertensive patients with type 2 diabetes [1]. 
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Figure 1. Chemical structure of irbesartan (2-butyl-3-[p-(o-1H-tetrazol-5-ylphenyl)benzyl]-1,3-

diazaspiro[4.4]non-1-en-4-one) with carbons and nitrogens numbered according to the scheme used by Bauer et 

al. [2]. 

Most sartans contain a tetrazole ring in their structure, for instance, irbesartan, candesartan, 

valsartan, olmesartan and losartan [3], and so may exist as 1H- or 2H- tautomers, Figure 2. Due 

to the acidity of the tetrazole ring [4], sartans in biological systems exist largely as anions, hence 

the tautomeric state is not significant for their biological function [5]. However, the solid-state 

form of active pharmaceutical ingredient (API) can have a significant impact on the dissolution 

kinetics, especially for poorly soluble APIs, and thence on the overall bioavailability [6,7]. 

Irbesartan is such an example of a poorly soluble drug. Two crystalline (forms A and B) [2,8–

14] and an amorphous form [15,16] of irbesartan are known. The crystal structure of form B is 

known [8] and has been deposited in Cambridge Structural Database (CSD), while conflicting 

structure solutions of form A are present in the literature [10], despite form A being the 

marketed form. Irbesartan is a rare example of a drug that exhibits desmotropes [17,18]. Its 

tautomers can be isolated in the solid state [19,20], with form A containing the 1H- tautomer of 

the tetrazole and form B the 2H- tautomer [2,8–14]. Desmotropes are distinct from crystal 

polymorphs, which involve different crystalline forms with exactly the same atomic skeleton 

[21]. Form A is more soluble (by a factor of four) and is thus preferred for formulation [10]. 

Araya-Sibaja et al. indicated that form A and B are both stable at ambient conditions, but 

structural and/or chemical instability was observed in form B at 40 °C and 98% relative 

humidity, whereas form A was stable at these conditions [10]. However, there were recalls of 
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IRB form A/hydrochlorothiazide fixed-dose combination (Avalide®), due to the presence of 

form B in the formulation that potentially compromised the bioavailability of the drug product 

[22]. 
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Figure 2. Possible tautomer of C-substituted tetrazole ring: (left) 1,2,3,4- (1H) tautomeric form, (right) 1,2,3,5- 

(2H) tautomeric form. In the brackets numbering used in this study for irbesartan is provided. 

Tautomerisation is of paramount importance in the drug industry as there are a number of 

APIs [10,18,23–27] that may convert into another tautomer during the formulation process or 

in the final drug product, forming another polymorph, solvate or amorphous form [5,28–31] 

Thus, the API may exhibit different physicochemical properties, i.e., solubility (irbesartan 

[10,22], albendazole [32]), stability during manufacturing process (ranitidine [33]) or hardness 

(omeprazole [34]). Tautomerisation is especially important in the case of an amorphous state. 

The amorphous state is of growing interest to pharmaceutical scientists due to better apparent 

solubility and bioavailability of these forms compared to their crystalline counterparts [35]. It 

is suggested that, by allowing different hydrogen-bond formation, tautomerisation of the API 

may help stabilise amorphous forms [30]. For example, the group of Paluch reported high 

physical stabilities (no tendency to crystallization) for amorphous forms of several APIs capable 

of tautomerization, e.g., glibenclamide [24], indapamide [25], and etoricoxib [26]. Thus, there 

is a need for strict quality control analysis of pharmaceutical raw materials in the solid-state 

with respect to tautomeric state. Moreover, if the tautomeric state is not established it is hard to 

understand hydrogen bonding and, thus the “structure” and stability of the amorphous material 

[26,36–38]. 

Solid-state NMR (SSNMR) spectroscopy is a non-destructive, powerful technique for 

obtaining structural and dynamic information on solid pharmaceutical systems [38–40] and is 

especially useful for characterizing amorphous solids [38,41,42] since standard Bragg 

diffraction techniques are of little value for materials lacking long-range order. NMR 

spectroscopy is the method of choice to study tautomerism [19,43], since it is directly sensitive 

to H locations. SSNMR has been used to characterise the solid state of forms A and B of 

irbesartan [2,11] as well as other sartans. The tautomeric form of known sartans investigated 

by single-crystal X-ray diffractometry and NMR is summarised in Table 1. These systems all 
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contain a (tetrazol-5-yl)biphenyl moiety and have confirmed biological activity. Note that some 

more recent sartans, such as eprosartan, do not contain this moiety and so are not considered 

here. 

Table 1. Tautomeric forms of angiotensin II receptor antagonists (sartans). 

Compound 
Solid state 

form 

Cambridge 

Structural 

Database 

identifier 

Tautomeric 

form 

Analytical 

method 
Reference 

Irbesartan 

Crystalline 

form A 

No agreed 

structure 
1H SSNMR 

Bauer et al. .[2] 
Wang et al. [11] 

This study 

Crystalline 

form B 
NOZWII 2H 

SCXRD 

SSNMR 

Böcskei et al. [8] 
Bauer et al. [2] 

Wang et al. [11] 

Amorphous 
1H, 2H (ca. 

2:1) 
SSNMR This study 

Irbesartan bromide sesquihydrate Crystalline NIQVIT 1H SCXRD Wang et al. [44] 

Irbesartan chloride hydrate Crystalline LIBZAY 1H SCXRD Bartolucci et al. [45] 

Irbesartan 2,6-dihydroxybenzoate salt Crystalline YUQCEV 1H 
SCXRD 

SSNMR 
Wang et al. [11] 

2-n-Butyl-1-((2'-(1H-tetrazol-5-yl)biphenyl-4-yl)methyl)-1H-

benzimidazole-7-carboxylic acid methanol solvate  

Crystalline PELXAG10 1H SCXRD Kubo et al. [46] 

Crystalline PELXAG 1H SCXRD Kubo et al. [47] 

2-(n-Butyl)-6-methyl-5-(1-oxopyrid-2-yl)-1-((2'-(1H-tetrazol-

5-yl)biphenyl-4-yl)methyl)-1H-imidazo(5,4-b)pyridine 

methanol solvate 

Crystalline HOFKUI 1H SCXRD Heo et al. [48] 

2-n-Butyl-6-dimethoxymethyl-5-phenyl-1-((2'-(1H-tetrazol-

5-yl)biphenyl-4-yl)methyl)-1H-imidazo(5,4-b)pyridine 
Crystalline ZUHTEB 1H SCXRD Shin et al. [49] 

Candesartan cilexetil 

Crystalline 
form I 

FETWEH 1H 
SSNMR 
SCXRD 

Fernandez et al. [50] 
Matsunaga et al. [51] 

Crystalline 

form II 

Not 

available 

Not 

investigated 
SSNMR Matsunaga et al. [51] 

Amorphous 
Not 

investigated 
SSNMR Matsunaga et al. [51] 

Candesartan cilexetil acetone solvate Crystalline HIQTAF 1H SCXRD Gao et al. [52] 

Ammonium candesartan-ide Crystalline GUNKEH 1H SCXRD Chi et al. [53] 

2,7-Diethyl-6-hydroxymethyl-5-((2'-(1H-tetrazol-5-

yl)biphenyl-4-yl)methyl)-5H-pyrazolo(1,5-b)(1,2,4)triazole 
Crystalline PUSNAS 1H SCXRD Okazaki et al. [54] 

2,7-Diethyl-5-((2'-(1H-tetrazol-5-yl)biphenyl-4-yl)methyl)-

5H-pyrazolo(1,5-b)(1,2,4)triazole 
Crystalline PUSMEV 1H SCXRD Okazaki et al. [55] 

2-Ethyl-5,6,7,8-tetrahydro-4-((2'-(1H-tetrazol-5-yl)biphenyl-

4-yl)methoxy)quinoline hydrochloride 
Crystalline SUKPET 1H SCXRD Bradbury et al. [56] 

Ethyl 2-butyl-4-((3,3-dimethylacryloyl)methylamino)-1-((2'-

(1H-tetrazol-5-yl)biphenyl-4-yl)methyl)-1H-imidazole-5-

carboxylate 

Crystalline BIZRIL 1H SCXRD Okazaki et al. [57] 

Ethyl 2-butyl-4-((3,3-dimethylacryloyl)amino)-1-((2'-(1H-

tetrazol-5-yl)biphenyl-4-yl)methyl)-1H-imidazole-5-

carboxylate methanol solvate 

Crystalline BIZROR 1H SCXRD Okazaki et al. [57] 

3-((5-Hydroxy-4,4,6,6-tetramethyl-5,6-dihydro-4H-

thieno[2,3-c]pyrrol-2-yl)methyl)-2,6-dimethyl-5-((2'-(1H-

tetrazol-5-yl)biphenyl-4-yl)methyl)pyrimidin-4(3H)-one 

radical ethyl acetate solvate 

Crystalline UBULAG 1H SCXRD Tan et al. [58] 

Losartan free acid Crystalline OCAHAC 2H SCXRD 
Tessler and Goldberg 

[59] 

Losartan ethanol solvate (DuP 753 ethanol solvate) Crystalline 
Not 

available 
1H SCXRD Okazaki et al. [55] 

Olmesartan Crystalline ZOGSOD 1H SCXRD 
Yanagisawa et al. 

[60] 

Olmesartan medoxomil Crystalline ZOGTAQ02 1H SCXRD Betz et al. [61] 

PNU-97018 Crystalline HUNWES 2H SCXRD Ishii et al. [62] 

PNU-97018 methanol solvate Crystalline HUNWIW 1H SCXRD Ishii et al. [62] 

PNU-97018 ethanol solvate Crystalline HUNWOC 1H SCXRD Ishii et al. [62] 

2-propyl-1-((2'-(1H-tetrazol-5-yl)biphenyl-4-yl)methyl)-1,2-

dihydro-3H-pyrazolo[3,4-b]pyridin-3-one 
Crystalline VOKFEI 1H SCXRD Cappelli et al. [63] 

Tasosartan (ANA-756) Crystalline WELGAV 1H SCXRD Ellingboe et al. [64] 

Valsartan 

Crystalline KIPLIG 

1H 

SCXRD Wang et al. [65] 

Amorphous with some 

degree of order 
SSNMR Skotnicki et al. [66] 
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Fully amorphous 

Valsartan ethanol solvate Crystalline KIPLEC 1H SCXRD Wang et al. [65] 

In this study, crystalline form A and the amorphous form of irbesartan were characterised to 

provide insight into the tautomeric form and molecular mobility by employing 13C, 15N, 1H 

MAS and 1H static SSNMR. 

2 Material and methods 

2.1 Materials 

 Irbesartan (crystalline form A; pharmaceutical grade) was obtained from Polpharma, 

Starogard Gdański, Poland and used without further treatment. Its amorphous form (form AM) 

was prepared immediately prior to experimental measurements by heating the sample in an 

oven to 186 °C, holding for 10 min then cooling with at least approximately 5 °C min–1 cooling 

rate to room temperature. 

2.2 Solid-state NMR measurements 

Carbon-13 solid-state NMR spectra were acquired using a Varian InfinityPlus spectrometer 

operating at a 13C frequency of 125.68 MHz. A magic-angle spinning (MAS) probe using 5 mm 

diameter zirconia rotors was employed. Typical operating conditions used cross-polarisation 

(CP) for excitation of the 13C magnetization, with a CP contact time of 1 or 3 ms (amorphous 

and crystalline respectively), a recycle delay of 4 s, 512 transients and spin rate of 10 kHz. 

SPINAL-64 sequence for 1H decoupling was applied during signal acquisition [67]. Carbon 

chemical shifts were referenced to the signal for tetramethylsilane via a replacement sample of 

solid adamantane (38.4 ppm for the high-frequency line). Variable-temperature experiments 

were performed from 38 °C to 140 °C, allowing samples to stabilize for 15–20 min before 

starting acquisition. Unless otherwise stated, temperatures in these experiments are quoted with 

a correction of +16 °C above the displayed temperature, which is the estimated increase in 

sample temperature for a 5 mm rotor spinning at 10 kHz, based on previous calibration 

experiments using lead nitrate [68]. 

Proton MAS spectra were recorded using the same spectrometer operating at a 1H frequency 

of 499.70 MHz, and a Bruker MAS probe using 1.3 mm diameter zirconia rotors. Spectra were 

typically acquired using a recycle delay of 10 s, 64 transients and spin rate of 67 kHz. Spectra 

were also recorded at 43 and 53 kHz spinning rate, where frictional heating is significantly 

lower, and gave identical results apart from lower spectral resolution. Proton broadline NMR 

spectra and proton relaxation times (T1
H and T1ρ

H) for static samples were measured at 299.82 



Page 7 of 25 

 

MHz using a Varian UnityPlus spectrometer. T1
H was measured using saturation-recovery 

experiments [69]. For T1ρ
H spin-locking, a radio frequency field equivalent to 70 kHz was used. 

Spectra were measured over a temperature range from 25 to 120 °C, allowing at least 15 min 

for stabilization before the acquisition. Uncertainties listed are the standard errors in the 

parameters as determined from non-linear regression analysis using SigmaPlot 12.0 (Systat 

Software Inc., San Jose, CA, USA). 

Nitrogen-15 solid-state NMR spectra were recorded with CP and MAS using the Varian 

InfinityPlus spectrometer, operating at 15N frequency of 50.65 MHz, and a probe taking 5 mm 

diameter rotors. Typical operating conditions used a CP contact time of 10 or 20 ms, a recycle 

delay of 4 or 5 s, 11 000 to 86 0000 transients and spin rate of 10 kHz. Nitrogen chemical shifts 

were referenced using 15N-enriched glycine at –347.4 ppm relative to the signal of neat 

nitromethane. Inversion-recovery (IR) CP MAS experiments were recorded with an inversion 

time of 1 and 2 ms as described in Ref. [70]. The spectrum for the amorphous sample was 

smoothed using 3rd degree polynomial with 25 points using ACD/Spectrus Processor. 

Data were processed using Gsim software [71] or ACD/Spectrus Processor v. 2021.1.2 

(Advanced Chemistry Development Inc., Toronto, Canada). 

3 Results and discussion 

3.1 Carbon-13 SSNMR 

 Figure 3 shows 13C CP MAS NMR spectra of the crystalline (form A) and amorphous 

irbesartan forms. The spectra for both forms are quite distinct, reflecting substantial differences 

in the structure between two solid forms. The spectrum of amorphous form is also significantly 

different than that of crystalline form B [2]. As expected, the resonances of amorphous 

irbesartan are significantly broader, reflecting of the distribution of local environments and 

hence a dispersion of chemical shifts in the disordered material. Table S1 (Supplementary 

material) lists the chemical shifts for crystalline (forms A and B) and amorphous solid forms of 

irbesartan. The resonances were assigned based on previous reports for irbesartan form A and 

B [2]. The most significant difference between crystalline and amorphous forms is for the 

methyl resonances (C-31). A low intensity signal associated with C-31 can be observed in 

previously published spectra for form A, but was not discussed [2,11]. In the amorphous 

material, the signal that arises from C-31 is broadened and moves to a higher chemical shift of 

14.0 ppm (Δδ = –2.2 ppm) in comparison to crystalline form A. The shift of C-31 signal in the 
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amorphous form may indicate that amorphous form contains 2H- tautomer as it is similar to 

form B (2H-), i.e., 15.4 ppm [2,11]. 

The signals between 120 and 150 ppm arise from the phenyl rings. The remaining signals 

come from the carbon in the tetrazole ring (C-23), imidazolinone ring (C-2) and carbonyl group 

(C-5) respectively. The imidazolinone ring carbon (C-2) and the carbon in the tetrazole ring (C-

23) are difficult to unambiguously assign in the amorphous form as there are three resonances 

in this region at 166.2, 161.5 and 154.9 ppm. The most plausible explanation for this increase 

in signals is the presence of both tautomers. In particular, the additional signal at 161.5 ppm is 

most likely to arise from C-23 in the 2H- tautomer – this peak appears at 164.9 ppm in form B 

[2,8,11]. 

 

Figure 3. Carbon-13 CP MAS NMR spectra of (a) crystalline (form A) and (b) amorphous irbesartan. Spectra 

recorded at 10 kHz spinning rate at 38 °C. 

To investigate differences in mobility, carbon-13 CP MAS variable temperature (VT) 

SSNMR spectra were acquired (Figure 4; see Figure S1 in the Supplementary material for all 

investigated temperatures). The spectra of crystalline material did not change significantly, 

except for the methyl resonance. At 140 °C, the previously low-intensity signal from methyl 

(C-31) at 13.4 ppm and the signal at 11.8 ppm have approximately equal intensity. The changes 

in the methyl resonance are unlikely to be due to interaction between methyl diffusional rotation 

and 1H decoupling, since such effects only occur at temperatures of about 100 K and below 

[72]. A more plausible explanation is the presence of disorder in the alkyl chain, which may 

exist in two overall conformations which are equally occupied at higher temperature. A non-

quaternary suppression experiment, Figure S2 (Supplementary material), confirms that two of 
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the methylene units of the butyl chain are unusually mobile (such experiments typically supress 

CH2 resonances very effectively). Similar behaviour has been observed in the 13C spectrum of 

losartan potassium [73], which was also ascribed to disorder of the n-butyl chain. Disorder in 

the n-butyl chain was also found by SCXRD for form B of IRB [8]. This disorder may explain 

why there is no definitive literature structure for form A [10], since the presence of a minority 

conformation will severely complicate the modelling of diffraction data. In the spectra of the 

amorphous material, there is a noticeable reduction in the methyl (C-31), methylene (C-30) and 

carbon in the imidazolinone ring (C-4) peak linewidth at 140 °C. As discussed further below, 

this change occurs significantly above the glass transition at 76 °C [74]. In contrast, the 

aromatic region material above the glass transition has significantly broadened. This 

broadening is typical of interference of between molecular motion and the RF nutation 

frequency during 1H decoupling, which is of the order of 50 kHz. This combination of line-

narrowing of the alkyl region and line-broadening of the aromatic regions implies fast motions 

of alkyl group and slower large scale motions involving the aromatic core. This large scale 

motion is only present well above Tg. This behaviour is consistent with the relaxation time data 

as described below. 
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Figure 4. Variable-temperature 13C CP MAS spectra of (a) form A and (b) the amorphous form irbesartan. 512 

scans were acquired except for the spectrum of amorphous form at 140 °C where 1024 scans were acquired (and 

also a line broadening of 100 Hz was applied). The spectra of crystalline material did not change significantly, 

except for signals arising from methyl (C-31). 

3.2 Nitrogen-15 SSNMR 

Nitrogen-15 NMR spectroscopy is widely used in studies of nitrogen-containing molecules 

and tautomerism both in solution- and solid- state [43,75,76]. Due to its low natural abundance 

(0.37%) and poor relative receptivity (3.84 × 10–6) [69], these studies are time-consuming and 

not always feasible, especially for amorphous materials [77] (although dynamic nuclear 

polarization techniques show promise in overcoming these limitations [77–79]). 

Figure 5 shows 15N CP MAS NMR spectra of both irbesartan forms. The crystalline material 

gives 6 clear signals, as expected. The assignment was confirmed by spectral editing 

experiments and was compared to previously published data for form A and B [2], cf. Table 2. 

The signal at –216.7 ppm can be easily assigned to N-1. As previously observed on a related 

system [66], standard dipolar dephasing experiments were not effective in identifying the 

protonated nitrogen, thus the inversion-recovery (IR) CP MAS technique was employed [70]. 
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This confirmed that signal at –143.9 ppm arises from N-24, i.e., the protonated nitrogen, Figure 

5a and c. Furthermore, it can be observed that the signal at −139.1 ppm (N-3) is negative with 

a longer inversion contact time, suggesting that this nitrogen is involved in hydrogen bonding, 

Figure 5c. The spectrum of the amorphous form (Figure 5d) shows 9 poorly resolved signals. 

The amorphous nature of the material and low 15N natural abundance limits the signal-to-noise 

ratio of the spectrum. However, two partly resolved signals for N-1 (−218.9, −228.5 ppm) are 

observed. The spectra of crystalline forms show signals for N-1 at −216.7 and −219.0 ppm for 

desmotrope A and B respectively[2], hence the two signals of N-1 in the amorphous material 

suggest that it contains both 1H- and 2H- tautomers. This result is consistent with 13C spectrum, 

where an additional signal, thought to be due to the tetrazole carbon (C-23), appeared. The N-

3 and tetrazole nitrogens could not be unambiguously assigned. The chemical shifts are 

significantly different to those of the starting crystalline material form A (except N-26 and N-

27), and form B (except N-27) and there is an extra resonance at −108.0 and −113.3 ppm. IR 

CP MAS experiments to identify protonated sites were not feasible due to poor sensitivity. A 

suggested assignment is shown in Figure 5d. The signals from 1H- tautomer are assumed to be 

at similar frequencies, but broadened, compared to crystalline form A. The signals for 2H- 

tautomer are more difficult to unambiguously assign. The signals at –108.0 and −113.3 ppm 

arise most likely from N-24 and N-25 of 2H- tautomer. The spectrum, however, is clearly 

consistent with a mix of tautomers. Note that the signals from the tetrazole ring in Form B (2H- 

tautomer) were broadened by dynamics at ambient temperature in the original study (hence the 

lower observation temperature), but such effects are not apparent in the 15N spectrum of the 

amorphous material.   

Table 2. Nitrogen-15 CP MAS NMR chemical shifts for crystalline (form A) and amorphous irbesartan recorded 

at 10 kHz spinning rate at 38 °C, compared to previously reported data for form A and B [2]. 

Solid state 
Tautomeric 

form 
N-1 N-3 N-24 N-27 N-25 N-26 

Form A  

(this work) 

1H 
−216.7 −139.1 −143.9 −54.3 −13.8 12.7 

Form A (ref. [2]) 1H −216.4a −140.2a −143.6 −54.6 −13.3 13.4 

Form B (ref. [2])b 2H −219.0a −143.9a −79.3 −50.7 −88.7 −3.2 

Amorphous form 

(this work) 

1H, 2H (ca. 

2:1) 
−218.9, −228.5 −145.1, −136.9, −113.3, −108.0, −50.1, −13.5 17.9 

athe chemical shifts originally reported as referenced to NO3
− signal of solid NH4NO3 

bacquired at −20 °C 
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In the amorphous phase, the 1H-tautomer predominates (ca. 2:1, based on the N-1 resonance). 

Generally, the reported research on tetrazole-containing molecules shows that one tautomer is 

present in the crystalline form [2,8,59,62,80–86]. Both forms are present in solution [2], and 

the ratio strongly depends on the electrophilicity of substituent and polarity of the solvent [87]. 

In the gas phase, the 2H-form predominates [74,88–90]. Araya-Sibaya et al. argued that the 

formation of crystalline form B of irbesartan (2H-tautomer) from the solution is driven by high 

polarity and high polarizability of the solvent [91], although this seemingly conflicts with the 

conclusion of Butler et al.[87] that less polar solvents orient the tautomerism towards 2H- 

tautomer. 

 

Figure 5. Nitrogen-15 CP MAS spectra of (a) irbesartan form A (11 000 repetitions, contact time (CT) of 20 ms) 

(b) 15N IR CP MAS spectrum of form A (15 000 repetitions, CT = 10 ms and inversion time (IT) = 1 ms) (c) as 
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(b) but with IT = 2 ms (and 18 000 repetitions) and (d) 15N CP MAS spectrum of amorphous irbesartan (86 000 

repetitions, CT = 10 ms). 

3.3 Proton MAS SSNMR 

As shown in Figure 6, four regions are clearly distinguished in the 1H fast MAS spectrum of 

crystalline irbesartan: alkyls protons (0–4.4 ppm), protons from C-10 bonded to nitrogen in the 

imidazolinone ring (4.95 ppm), aromatic (5.6–10 ppm) and tetrazole (17.76 ppm) protons (see 

Table S2 of Supplementary material for detailed chemical shifts). The assignment of the signals 

was based on the previous proton solution-state NMR data [2]. As would be expected, only 

broad features are resolved for the amorphous form. The 1H MAS experiment shows a very 

clear signal from tetrazole proton at high chemical shift, which implies strong hydrogen 

bonding in crystalline form A. In contrast, the 1H spectrum of the fully amorphous form shows 

a very broad feature in this region, suggesting a much wider distribution of hydrogen bonding 

environments in the amorphous form. Similar behaviour was observed in the case of valsartan 

[66]. 

  

Figure 6. Proton MAS NMR spectra of (a) crystalline and (b) amorphous irbesartan recorded at a MAS rate 

of 67 kHz. Inset shows a magnification of the tetrazole proton region for amorphous form. 

3.4 Static proton SSNMR 

Figure 7 shows static 1H variable-temperature (VT) SSNMR spectra of crystalline and 

amorphous irbesartan forms. As would be expected, these are broad and featureless due to 
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extensive 1H, 1H dipolar coupling. As the temperature increases from 25 to 120 °C, there are 

very small changes in the bandshapes for crystalline irbesartan. However, narrowing occurs for 

amorphous irbesartan at the temperature above 100 °C, consistent with an increase in mobility 

above the glass transition. As previously observed in the 13C VT spectrum, however, the 

changes are very small at Tg (76 °C), and significant motional averaging is only observed above 

100 °C. 
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Figure 7. Variable-temperature static 1H NMR spectra of crystalline (form A, blue line) and amorphous (red line) 

forms of irbesartan. The sharpening of bandshapes is observed with the increase of temperature for amorphous 

form and is only observed significantly above the glass transition temperatures (Tg = 76 °C). 

Figure 8 shows 1H spin–lattice relaxation time (T1
H) as a function of temperature obtained for 

the examined irbesartan forms (data contained in Table S3 in Supplementary material). The T1 

relaxation time is sensitive to motion processes of the order of 1H NMR frequency [92], here 

400 MHz, and are likely to dominated by flexible groups, such as the butyl. The T1
H 
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measurements show a monotonic increase in the T1 values with increasing temperature for both 

forms, consistent with fast motions that exceed 400 MHz even at the lowest temperature. The 

values of T1
H at room temperature are significantly different for both forms, consistent with 

faster (less hindered) dynamics in the amorphous material. The T1
H values converge at the glass 

transition temperature (Tg = 76 °C) of the amorphous, implying that these rapid motions (e.g., 

alkyl motion) are similar at higher temperatures. This is consistent with the idea that the butyl 

group in form A is relatively unrestricted at higher temperatures, but this disorder is at least 

partially hindered at ambient temperature, leading to the unusual C-31 signal. 

 

Figure 8. Proton spin–lattice relaxation time (T1
H) for crystalline and amorphous irbesartan forms. The error bars 

are not shown as they are of a similar magnitude to the size of the symbols used. 

The T1ρ relaxation behaviour is sensitive to motional processes of the order 70 kHz [92]. The 

T1ρ
H relaxation decays of the amorphous material are monoexponential, but the curves for the 

crystalline form are clearly biexpontential, containing two components with time constants of 

about 15 ms and about 160 ms (see Table S4 in Supplementary material for the data). “Spin 

diffusion” between 1H nuclei means that the components in multi-exponential fitting have 

limited physical significance, and so Figure 9 plots the data from the crystalline form in terms 

of a single effective 𝑇1ρ(eff)
H , calculated as reciprocal population weighted rate average (PWRA): 

1

𝑇1ρ(eff)
H =  

𝐴fast 

𝑇1ρ(fast)
H  + 

𝐴slow 

𝑇1ρ(slow)
H  (1) 

where Afast and Aslow are the weighting fractions of the two components. The T1ρ
H of the 

amorphous material starts becoming shorter above Tg, indicating that at 120 °C the dynamics is 

approaching 70 kHz. These results are consistent with the phenomena observed in the 13C 

spectra of Figure 4. The T1ρ
H values are generally shorter in the amorphous form, consistent 

with a greater overall amplitude of low frequency dynamics in a non-crystalline material. The 

amplitude / frequency of the dynamics monotonically increases with temperature until T1ρ
H is 
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very short, consistent with the line-broadening in the aromatic region of the 13C spectrum. The 

midpoint of this evolution is close to the observed glass transition temperature. The short 

𝑇1ρ(eff)
H  of the crystalline material at low temperature must have a different origin. The 

biexponential nature of the relaxation suggests that this is associated with a small part of the 

structure with distinctly different dynamics. This would be consistent with jumps of the 

conformationally disordered butyl chain. This behaviour is apparently not observed in the 

amorphous form, most likely because there are no trapped conformations in the amorphous 

material (the C-31 signal is unremarkable in the amorphous form). 

 

Figure 9. Static proton spin–lattice relaxation time in the rotating frame for crystalline and amorphous irbesartan 

forms. The error bars for amorphous form are not shown as they are of a similar magnitude to the size of the 

symbols used. 

4 Conclusions 

In conclusion, the tautomeric state and mobility of crystalline form A and amorphous form 

of irbesartan were investigated by multi-nuclear SSNMR. 13C, 15N and ultra-fast 1H MAS 

experiments suggest that the amorphous material exists as a mixture of two tautomeric forms, 

with the 1H-tautomer predominating. The tautomerisation ability of irbesartan in the 

amorphous state may be responsible for its good physical stability [15,16], as this may provide 

additional flexibility for accommodating different hydrogen bonding arrangements [26]. 

13C and 1H NMR experiments also provided molecular level insight into disorder and 

dynamics in these materials. In particular the n-butyl chain appears to be trapped in two slowly 

exchanging conformations in form A, which may explain the difficulties in solving its crystal 

structure. This behaviour is not observed in the amorphous material. 1H T1ρ relaxation times 

show the gradual onset of low-frequency dynamics either side of the glass transition 

temperature. This is consistent with Tg involving unlocking of the aromatic cores, although it is 
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important to note that large amplitude motions, leading to significant narrowing of the 1H NMR 

spectrum, are only observed well above Tg. 

Overall solid-state NMR is seen to provide detailed molecular-level insight into local 

protonation states and molecular mobility, even in highly disordered APIs, which are difficult 

to characterise by conventional approaches. 
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