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Abstract 

Electron paramagnetic resonance (EPR) studies of radiation-induced radicals in two 

anhydrous trehalose polymorphs, beta-crystalline (TREc) and glassy (TREg), were conducted 

with the aim to resolve whether different types of free radicals are induced in a differently 

disordered environment. The multifrequency approach (9.5 GHz, 94 GHz, and 244 GHz) was 
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applied to improve the g-tensor resolution of the complex EPR spectra. In addition, thermal 

stability of EPR spectra and respective decay kinetics were analyzed in a series of thermal 

annealing studies in the temperature interval from 333 K to 363 K. It was found that in the 

crystalline matrix a more complex transformation process of induced radicals is taking place 

than in the glassy host matrix. Qualitative decomposition of the experimental spectra 

reproduced essential EPR spectral features in both matrices when 4 contributing radical 

species were assumed. These were interpreted as carbon-centered radicals while the 

possibility of formation of alkoxy radicals due to the abstraction of a hydrogen atom was 

ruled out. Only in one case, tentative assignment of EPR spectral components revealed the 

formation of the same radical species in both TREc and TREg. Furthermore, thermal annealing 

of TREg lost one of the radical species, whereas in TREc all 4 radical species pertained 

irrespectively of the treatment. Therefore, the here presented results provide experimental 

evidence that the extent of disorder present in the material strongly affects the type and 

stability of radicals induced by ionizing radiation.  
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1. Introduction 

Carbohydrate trehalose, α-D-glucopyranosyl α-D-glucopyranoside, belongs to the molecular 

glass-forming materials, which are extensively studied both in life sciences as well as in solid-

state physics (Scheme 1). In particular, trehalose was shown to be spread in organisms 

exposed to extreme conditions and assigned as a bioprotective agent responsible for their 

tolerance of e.g. desiccation/dehydration or cryotemperatures [1]. In this context, the relevant 

physical property has been attributed in part to trehalose glass transition temperature, which 

varies as a function of water concentration [2]. In addition, the structure of the trehalose glass 

and related specific Boson peak properties [3] have been associated with the extensive 

number of hydrogen bonds realized per one trehalose molecule (16 hydrogen bonds possible 

per one trehalose molecule) [4, 5]. In such a dense molecular network, clusters of molecules 

undergo coupled librational dynamics giving rise to Boson peak excitations. 

 

Scheme 1. Trehalose molecule 
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Many electron paramagnetic resonance (EPR) studies have been conducted on free radicals 

induced in different types of carbohydrates by ionizing radiation [6-15]. These studies were 

mainly focused on the determination of the number and structure of induced radicals and on 

elucidating their mechanisms of formation and decay. Despite all the efforts, the exact 

assignment of induced radicals was shown to be a very difficult task in carbohydrates in 

general. Meanwhile, their EPR spectra are often used for dosimetric purposes, as well as for 

the detection and characterization of sugar containing pharmaceuticals and food products after 

radiation treatment [16-18]. One additional motivation for investigating complex radiation 

chemistry of carbohydrates is the clarification of the phenomenon of radiation 

regioselectivity, i.e. there still exists an open question why radiation causes damage 

preferentially at certain sites in a molecule [13]. 

Regarding the so far performed EPR studies on trehalose it should be noted that most of the 

experiments were performed on trehalose dihydrate single crystals exposed to gamma- or X-

radiation [8, 10-14]. The identification of radiation-induced radicals in these studies was done 

through a combination of EPR techniques like electron nuclear double resonance (ENDOR) 

and ENDOR-induced EPR (EIE). In addition, a theoretical analysis using an advanced 

periodic density functional theory (DFT) was performed to calculate the electron magnetic 

resonance parameters on geometry-optimized radical structures [8, 13]. To investigate the 

complex transformation mechanisms of the primary radicals to the final stable products, the 

studies were performed at various temperatures, i.e. 3 K [12], 10 K [14], 77 K [11, 13] and 

room temperature (RT) [8, 10], using in situ irradiation. However, despite these combined 

experimental/theoretical efforts it is still not possible to unambiguously characterize and 

identify all the radicals present in an irradiated trehalose dihydrate compound.  

The interest in the trehalose molecule in this study comes from a different perspective. In 

specific, the focus is put on the impact of disorder on the formation of free radicals in the 
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material exposed to ionizing radiation. To achieve this goal the very same material should be 

prepared in various polymorphic states. Due to the fact that trehalose is an interesting 

molecule and can be easily prepared in crystalline and glassy states [19, 20], these 

polymorphs were chosen as an experimental model system. The motivation for this type of 

investigation originates from our previous research, which indicated that the processes of 

thermal decay and formation of radicals are complex and varied from one polymorphic form 

of trehalose to another [20]. It should be pointed out that during the phase transformation of 

trehalose initially in the hydrous crystalline form, water molecules evaporate, leaving the final 

molecule in a chemically different state i.e. the anhydrous form. Therefore, for the current 

study, both crystalline and glassy trehalose were prepared in the anhydrous state and 

subsequently exposed to ionizing radiation. This represents an original approach in the EPR 

study of trehalose radicals.  

The aim of this study is to compare two different physical states of anhydrous trehalose, i.e. 

glassy and crystalline, with respect to the type of free radicals induced by ionizing radiation. 

Using the beta-trehalose crystalline state as a reference state, the radicals generated in 

trehalose glass as well as their thermal stability are compared. We rely on EPR spectroscopy 

in the detection of free radicals whereas the multi-frequency approach is applied to improve 

the g -tensor resolution and help the tentative assignment of the complex spectra. This 

interesting physical approach provides the experimental evidence that the extent of disorder 

present in the material affects the type of radicals induced by ionizing radiation.  

 

2. Materials and methods  

2.1. Sample preparation 
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α,α- Trehalose dihydrate (TREd) of 99,99 % purity was purchased from Sigma-Aldrich and 

used as received. The anhydrous beta crystalline polymorph form of trehalose (TREc) was 

obtained by heating TREd in vacuum (500 mbar) at the temperature of 403 K for 4 hours [21]. 

The glassy state of trehalose (TREg) was achieved by heating the TREc sample on a hot plate 

up to the melting temperature of 488 K and subsequent fast quenching of the melt to room 

temperature. The crystalline and glassy polymorphic states of the prepared samples were 

verified by differential scanning calorimetry (DSC), as described in our previous work [19].  

Both the beta and glassy anhydrous forms of trehalose were gamma-irradiated in air under 

controlled temperature (293±2) K with a dose of 10 kGy using the panoramic 
60

Co source of 

the Ruđer Bošković Institute at the dose rate of 2.8 Gy/s. The irradiation dose in this range is 

usually applied for investigating sugars and gives EPR signals of appropriate intensity [22].  

 

2.2. Thermal annealing  

Three thermal procedures were applied:  

a) In order to attain a more stable EPR signal according to the protocol from the literature 

[10], both TREc and TREg samples, after exposure to gamma-radiation, were annealed at 313 

K for 3 days. These samples are referred as samples b1 and g1, respectively.  

b) To further explore the thermal stability of samples b1 and g1, they were subsequently 

exposed to the following temperatures: 333 K, 343 K, 353 K, 358 K and 363 K during the 

EPR measurements in which the signal intensity was followed up to 6 hours. 

c) Due to the fact that the EPR spectra exhibit several spectral components [20] the samples 

b1 and g1 were exposed to extreme thermal conditions with the aim to simplify the spectral 

decomposition. Therefore, after step (a) the b1 sample was additionally kept at 363 K for 17 
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hours and the sample is denoted as b2, whereas the g1 sample was heated at the same 

temperature for 2 hours and is denoted as g2.  

It should be stressed that according to the DSC heating thermograms of trehalose polymorphs 

[19], no phase transitions either in the trehalose beta or glass samples are expected during the 

thermal annealing procedures applied. 

 

2.3. Multifrequency ESR spectra  

The experiments were performed at three microwave frequencies: 

a) Continuous-wave (CW) X-band (9.5 GHz) EPR measurements were performed at 293 K 

using a Varian E-109 spectrometer equipped with a rectangular dual cavity and a Bruker ER 

041 XG microwave bridge (9.5 GHz).  

Thermal annealing studies were carried out using Bruker TE102 rectangular cavity (ER 4102 

ST) at the following temperatures 333 K, 343 K, 353 K, 358 K and 363 K. To control the 

temperature of the sample a variable Chromel-alumel thermocouple was placed in the EPR 

cavity below the sample. The temperature was controlled within ±1 K using a variable 

temperature unit Bruker ER 4111 VT with a nitrogen gas flow. The double integrals of the 

recorded EPR spectra were used to analyze the changes in the signal intensity with time.  

b) The W-band (94 GHz) CW EPR spectra were obtained at 100 K by recording the free 

induction decay (FID) spectra using a Bruker Elexsys E-580 Fourier transform EPR 

spectrometer. Derivative-type spectra were obtained from the FID spectra by the pseudo-

modulation function of the EasySpin software [23].  

c) High-field CW spectra were acquired at 293 K on a home-built high-field CW and pulse 

EPR spectrometer operating at 244 GHz equipped with an ICE-Oxford cryogenic system [24]. 
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The high-field measurements were conducted without a resonator and using induction mode 

detection.  

It should be noted on that the overall shape of the CW EPR spectra does not change 

essentially within the temperature interval from room temperature to 100 K, thus, for the 

decomposition of spectral features in terms of tentative radical species the impact of 

temperature dependent relaxation times was not considered.   

The magnetic field calibration for the EPR measurements at 9.5 GHz was performed using the 

DPPH (2,2- diphenyl-1-picrylhydrazyl, g  = 2.0036) standard, whereas at 94 GHz and 244 

GHz the procedure was carried out using Mn
2+

 doped MgO as an internal standard as reported 

[25, 26].  

 

2.4. Qualitative decomposition of ESR spectra 

In order to understand the spectral differences between trehalose polymorphs including 

different sensitivity to thermal annealing procedures, the main issue to address was to resolve 

whether different types of free radicals are induced in TREc and TREg or the same types of 

radicals are confined in a differently disordered environment. Therefore, representative 

trehalose samples b1 and g1, exhibiting a stable EPR signal [10, 20] and further annealed at 

363 K (Fig. 1, samples b2 and g2) were chosen for multi-frequency analysis. The strategy 

relies on the improved resolution of g -tensor anisotropy with the increase of the applied 

EPR frequency. Therefore, trehalose EPR spectra were compared at three different 

frequencies 9.7 GHz, 94 GHz and 244 GHz with the aim to simplify the spectral assignment 

with respect to the various spectral contributions. EasySpin software package was used for 

spectral simulation and analysis of EPR spectra based on the esfit routine with function 

pepper [23]. It should be emphasized that the presented simulations should be primarily 
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considered as a first qualitative guess of the anhydrous trehalose spectral decomposition based 

on the EPR signatures of radical types previously published for hydrous trehalose [13, 14] and 

sucrose [9].  

Due to the fact that at 9.7 and 94 GHz the hyperfine couplings and g -tensor resolution 

showed to be similar and did not allow a straightforward spectral decomposition, data 

acquired at 244 GHz, although showing less resolved hyperfine couplings due to the g -

strain, were appropriate to resolve the largest couplings on the basis of g -tensor differences 

between radical species. Therefore, simulations of the experimental spectra started in the first 

run from the data acquired at 244 GHz in order to resolve  g -tensor components and then 

spectral decomposition at lower frequencies was performed. In the second run these g -

tensors components were fixed, and the hyperfine couplings estimated at 9.7 GHz were 

further applied at higher frequencies in order to converge to a self-consistent set of estimated 

spectral parameters valid at all three frequencies. It should be emphasized that different ratios 

of spectral contributions observed at different frequencies may be due to the frequency 

dependent relaxation phenomena and, thus, one should consider them as being informative 

rather than exact values. 

 

3. Results and discussion 

In order to reveal the impact of disorder on the formation of free radicals in the material 

exposed to ionizing radiation thermal stability and decay kinetics of EPR signals of the two 

irradiated anhydrous forms of trehalose were analyzed in a series of thermal annealing 

studies. In addition, the discussion of differences between the radical content in glassy and 

crystalline trehalose was put into the framework of qualitative decomposition of experimental 

data. 
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3.1. Thermal annealing studies  

Since the rate of the change of both the intensity and the shape of the EPR spectra of TREc 

and TREg irradiated with the same dose is significantly different, characteristic spectra for 

each sample were chosen to demonstrate different stages of evolution of the respective EPR 

spectra.  

Immediately after the exposure to gamma-irradiation the EPR spectrum of TREc exhibits a 

more complex hyperfine structure as compared to TREg (Fig. 1, plots (i)). After annealing the 

samples for three days at 313 K the EPR spectrum of TREc indicates substantial changes (Fig. 

1a, sample b1) as compared to the EPR spectrum of TREg (Fig. 1b, sample g1), which 

practically remained the same. In the former case the EPR spectrum evolved towards the 

simplified pattern indicating free radical conversion and decay of species during the annealing 

procedure. This observation points to the importance of molecular packing of the host matrix 

exposed to ionizing radiation. With the aim to simplify the spectral assignment of trehalose 

polymorphs, further thermal annealing of b1 and g1 samples, which otherwise exhibit EPR 

signals stable for at least a year when kept at room temperature [10, 20], was performed at 

363 K until the shape of the EPR spectra did not change significantly (Fig 1., plots (iii) and 

(iv)). During the procedure the spectra became somewhat smoothed but no real simplification 

with respect to the multicomponent contribution could be observed when comparing the 

spectra of samples b1 (g1) with b2 (g2) (Fig. 1). However, when the samples were heated above 

363 K both trehalose polymorphs presented EPR spectra drastically changed, ultimately 

converging to the similar type of a single broad almost structurless EPR line (Fig. 1a and 1b, 

plots (v)). 

To study the EPR spectral changes of trehalose samples b1 and g1 in more detail, thermal 

decay experiments were carried out at various temperatures ranging from 333 K to 363 K, as 
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shown in Fig. 2. It is interesting to note that the EPR signal intensity of crystalline trehalose 

remained virtually constant as compared to the glassy trehalose, which exhibited fast thermal 

decay. At 333 K the EPR signal of the crystalline sample even showed a slight initial increase 

in intensity pointing to a more complex transformation processes of induced radicals in the 

crystalline in comparison to the glassy host matrix. As proposed previously [20], this 

phenomenon reflects the formation of new radicals, recombination, decomposition, or 

interaction of radicals with neighboring molecules and in the context of this study emphasizes 

the importance of molecular packing when the material is exposed to the ionizing radiation. In 

specific, over the period of 6 h the crystalline samples kept at 363 K exhibited a gradual 

decrease of the EPR signals by 2 %, whereas the EPR signal in the glassy samples decayed by 

77% from the initial signal intensity. These results confirm the hypothesis of different 

interactions, which sustain the stability of radicals in different polymorphic forms of 

trehalose.  

 

Figure 1. EPR spectra of beta (a) and glassy (b) trehalose exhibiting various thermal annealing 

histories: (i) immediately after exposure to 10 kGy gamma-irradiation at 295 K; (ii) after 

subsequent annealing at 313 K for three days (samples denoted as b1 and g1, respectively); 

(iii) after heating of b1 at 363 K for 6 hours (a) and g1 for 30 min (b); (iv) after heating of b1 at 

363 K for 17 hours (a) and g1 for 2 hours (b), (samples denoted as b2 and g2, respectively); (v) 
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after heating of b2 at 453 K for 1 hour (a), and g2 at 363 K for 10 hours (b). The dashed spectra 

labelled b1, b2, g1 and g2, were chosen for further spectral assignment analysis.  

 

Figure 2. Thermal fading of the EPR signals detected at various temperatures of beta (a) and 

glassy (b) trehalose exposed to 10 kGy gamma-irradiation at 295 K and subsequently 

annealed at 313 K for 3 days. A0 and A represent double integrals of the experimental EPR 

spectra detected at annealing times t = 0 and t, respectively. Inset: Zoom of the scale.  

 

3.2. Multi-frequency ESR spectra analysis: Qualitative assignment of radical’s species  

A comparison of experimental and simulated EPR spectra of trehalose samples g1, g2 and b1, 

b2 at three different frequencies 9.7 GHz, 94 GHz and 244 GHz is shown in Figs. 3 and 4. The 

qualitative analysis of the EPR spectra resulted in a decomposition of the experimental spectra 

in spectral components related to paramagnetic centers induced by ionizing radiation in 

trehalose polymorphs as presented in Tables 1 and 2. In specific, EPR spectra of glassy and 

crystalline samples were decomposed assuming 4 contributing radical species, 
xxxx RRRR 4321 ,,,  

with x = g1, g2, b1, b2  (Table 1 and 2, Figs. S1-S12 and Table S1 and S2 in the Supplementary 

Data), which reproduce the essential features present in the experimental data. It should be 

emphasized that the presented numerical data should be taken only as a first qualitative 

attempt towards the understanding of extremely complicated EPR spectra aiming to help the 
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discussion of differences between the radical content of irradiated anhydrous trehalose 

polymorphs rather than to be considered as an exact radical assignment values. The approach 

follows a similar high frequency EPR study of gamma-irradiated sucrose powder, in which 

three spectral components were reproduced although four of them were realized to be present 

[9]. It is interesting to note that in the trehalose glass one radical species, R4
g2 , is lost by 

additional heating of the sample whereas in the crystalline sample all 4 radical species pertain 

irrespectively of the treatment. In addition, the same spectral components R1 ,R2,R3  

contribute to the EPR spectra of both glassy samples (g1, g2) whereas for the crystalline 

samples the EPR parameters for species R1 vary somewhat between samples b1 and b2.  

 

 

 

Figure 3. Comparison of experimental (solid line) and simulated (dashed line) EPR spectra of 

glassy trehalose samples g1 (a) and g2 (b) at 9.7 GHz (293 K), 94 GHz (100 K) and 244 GHz 

(293 K) frequencies. A referent g -value of 2.00101 is indicated by a triangle symbol. The 
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experimental spectra of samples g1 (g2) were simulated assuming 4 (3) spectral components 

(more details are provided in the Supplementary Data in Figs. S1-S6 and Table 1).  

 

 

Figure 4. Comparison of experimental (solid line) and simulated (dashed line) EPR spectra of 

beta trehalose after annealing at 313 K for three days (Fig. 1, b1 sample) (a) and after heating 

b1 for 17 hours (Fig. 1, b2 sample) (b) at 9.7 GHz (293 K), 94 GHz (100 K) and 244 GHz (293 

K) frequencies. A referent g -value of 2.00101 is indicated by a triangle symbol. The 

experimental spectra of b1 and b2 were simulated assuming 4 spectral components (more 

details are provided in the Supplementary Data in Figs. S7-S12 and Table 2).  

 

It should be emphasized that the assignment of radicals induced in anhydrous trehalose by 

ionizing radiation to the best of authors’ knowledge has never been reported in the literature. 

Therefore, data available for hydrous trehalose, glucose, and sucrose [6-15] were considered. 

In addition, a plethora of corresponding radiation products derived from density functional 

theory (DFT) calculations [6, 13] was inspected and compared with the here presented 

experimental data (Tables 1 and 2). The rationale behind this comparison is the similarity of 
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the trehalose molecule, which consists of two glucose units, with the sucrose composed of a 

glucose and fructose unit. Here presented simulated data for glassy and crystalline trehalose 

(Table 1 and 2) indicate that the principal values of all the induced paramagnetic center g -

tensors, arbitrarily indexed as xx, yy and zz as the principle values of 
g -tensors, cannot be 

determined unambiguously on the basis of powder spectra [9] and satisfy the relation 

gxx > gyy > gzz  with only a moderate g -tensor anisotropy (D gxx -gzz( )
max

= 0.0067). This 

observation implies that the spin density is not dominantly at oxygen atoms but rather that 

carbon-centered radicals can be anticipated. This observation is in accordance with the data 

obtained from the multi-frequency study of gamma-irradiated sucrose [9], which rules out the 

presence of alkoxy radicals or radicals due to the abstraction of a hydroxy hydrogen [8, 13].  

 

Table 1. Principal values of g  and proton hyperfine (hf) tensors (isotropic values given in 

the brackets) regarding interaction with protons for radicals R1
g1,2

, R2
g1,2

, R3
g1,2 

and R4
g1,2

, 

derived from simulations of experimental EPR spectra of gamma-irradiated glassy trehalose 

samples g1 and g2 at various EPR frequencies,n . Tentative assignment of the respective 

hydrogen (H) and carbon (C) atoms are indicated referring to the Scheme 2. The underlined 

numbers represent the uncertainty in the last significant digit(s).  

Model axis g  hf tensor (MHz) 

H1 atom 

hf tensor (MHz) 

H2 atom 

hf tensor (MHz) 

H3 atom 

Weight* 

n  

(GHz) 

% 

R1
g1

 
H1 (C3) 

H2 (C1) 

H3 (O2) 

x 2.00617 59.7 9.3 33.9 9.5  31 

y 2.00447 72.9 11.4 -6.1 94  10 

z 2.00221 67.2 12.1 5.3 244 50 

  (66.6) (10.9) (11.0)   

R1
g2 

H1 (C3) 

H2 (C1) 

H3 (O2) 

x 2.00617 59.7 9.3 33.9 9.5  42 

y 2.00447 72.9 11.4 -6.1 94  42 

z 2.00221 67.2 12.1 5.3 244 42 

  (66.6) (10.9) (11.0)   

R2
g1

 
H1 (C1) 

H2 (C3) 

H3 (C5) 

x 2.00694 34.5 4.0 16.1 9.5  41 

y 2.00388 40.2 -5.2 12.7 94  80 

z 2.00232 -3.1 11.3 16.7 244 39 

  (23.9) (3.4) (15.2)   
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R2
g2

 
H1 (C1) 

H2 (C3) 

H3 (C5)  

x 2.00694 34.5 4.0 16.1 9.5  48 

y 2.00388 40.2 -5.2 12.7 94  48 

z 2.00232 -3.1 11.3 16.7 244 48 

  (23.9) (3.4) (15.2)   

R3
g1

 
H1 (C5) 

H2 (C6) 

H3 (O6) 

x 2.00586 67.8 12.0 17.3 9.5  23 

y 2.00508 51.7 9.0 -17.4 94  11 

z 2.00211 12.7 0.1 35.3 244 10 

  (44.1) (7.0) (35.2)   

R3
g2

 
H1 (C5) 

H2 (C6) 

H3 (O6)  

x 2.00586 67.8 12.0 17.3 9.5  11 

y 2.00508 51.7 9.0 -17.4 94  11 

z 2.00211 12.7 0.1 35.3 244 11 

  (44.1) (7.0) (35.2)   

R4
g1

 
H1 (C4) 

H2 (C6) 

H3 (C6) 

x 2.00786 54.0 48.0 54.0 9.5  5 

y 2.00537 41.0 52.0 31.0 94  0.01 

z 2.00112 48.0 42.0 67.0 244 0.2 

  (47.7) (47.3) (50.7)   

 

*Estimated weight percentage of the contribution of a component in the total simulated 

spectrum; one should consider them as being informative rather than exact values.  

 

 

Table 2. Principal values of g  and proton hyperfine (hf) tensors (isotropic values given in 

the brackets) regarding interaction with protons for radicals R1
b1,2

, R2
b1,2

, R3
b1,2 

and R4
b1,2

, 

derived from simulations of experimental EPR spectra of gamma-irradiated beta trehalose 

samples b1 and b2 at various EPR frequencies,n . Tentative assignment of the respective 

hydrogen (H) and carbon (C) atoms are indicated referring to the Scheme 3. The underlined 

numbers represent the uncertainty in the last significant digit(s). 

Model axis g  hf tensor (MHz) 

H1 atom 

hf tensor (MHz) 

H2 atom 

hf tensor (MHz) 

H3 atom 

Weight* 

n  

(GHz) 

% 

R1
b1

 
H1  

H2  

H3  

x 2.00613 47.0 12.0 3.0 9.5 45 

y 2.00237 36.0 39.0 19.0 94 20 

z 2.00229 76.0 -9.0 14.0 244 37 

  (53.0) (14.0) (12.0)   

R1
b2

 
H1 (C3) 

H2 (O2) 

H3 (O3) 

x 2.00613 45.1 12.2 7.1 9.5 37 

y 2.00237 42.9 23.2 13.8 94 37 
z 2.00229  30.6 5.2 13.4 244 37 
  (39.5) (13.5) (11.4)   

R2
b1

 x 2.00543 43.1 13.8 5.2 9.5 20 

y 2.00477 16.5 -5.0 24.2 94 26 
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H1 (C1) 

H2 (C3) 

H3 (C5) 

z 2.00164 25.5 13.6 23.0 244 9 

  (28.4) (7.5) (17.5)   

R2
b2

 
H1 (C1) 

H2 (C3) 

H3 (C5) 

x 2.00543 43.1 13.8 5.2 9.5 9 

y 2.00477 16.5 -5.0 24.2 94 9 
z 2.00164  25.5 16.6 23.0 244 9 
  (28.4) (13.5) (11.4)    

R3
b1

 
H1 (C1) 

H2 (O2) 

H3 (C4) 

x 2.00620 24.2 2.5 4.5 9.5 18 

y 2.00400 24.6 3.0 4.7 94 40 

z 2.00258 24.5 3.2 4.7 244 42 

  (24.4) (2.9) (4.6)   

R3
b2

 
H1 (C1) 

H2 (O2) 

H3 (C4)  

x 2.00620 30.9 -4.1 13.2 9.5 42 

y 2.00400 24.6 4.0 0.8 94 42 
z 2.00258 19.7 5.4 2.9 244 42 
  (25.1) (1.8) (5.6)   

R4
b1

 
H1 (C4’) 

H2 (C6’) 

H3 (C6’) 

x 2.00699 70.2 77.2 22.1 9.5 17 

y 2.00398 80.7 82.5 -12.1 94 14 

z 1.99918 90.9 50.9 28.7 244 12 

  (80.6) (70.2) (12.9)   

R4
b2

 
H1 (C4’) 

H2 (C6’) 

H3 (C6’)  

x 2.00699 81.3 67.3 5.2 9.5 12 

y 2.00398 78.2 79.1 18.6 94 12 
z 1.99918  76.6 65.6 17.5 244 12 
  (78.7) (70.7) (13.8)   

 

*Estimated weight percentage of the contribution of a component in the total simulated 

spectrum; one should consider them as being informative rather than exact values.  

The tentative assignment of radical’s species based on the data presented in Tables 1 and 2 

could be proposed as follows: 

a) glassy trehalose  

2,1

1

g
R  radical exhibits two hyperfine interactions with very small anisotropy (H1,2) and 

isotropic values of 67 MHz and 11 MHz, respectively, which can be assigned to the β- or γ- 

type proton. The third hyperfine interaction (H3) indicates hyperfine anisotropy of ca. 30 

MHz that can arise from the proton of the OH group [27]. These data are similar to the 

experimental and DFT calculations of the radical model in hydrous trehalose assigned to the 

C2 centered radical due to the H abstraction [14]. In this case the H1 data would correspond 

to the hyperfine interaction with the proton at C3, H2 data to the proton at C1 and H3 data 

refer to the proton at O2 atom (structure 1 in Scheme 2).  
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R2
g1,2

 radical assignment is not straightforward. Hyperfine interactions are very close to the 

data reported for the S1 radical in X-irradiated sucrose single crystals [28]. The interpretation 

is done in terms of one α- and two β- protons, which would correspond, to H1 and H2/H3 

atoms from the Table 1, respectively, but the specific radical center has not been identified. 

Rather, a suggestion of a general type of radical was offered (structure 2a in Scheme 2). Due 

to the fact that an almost isotropic  g -tensor close to the DPPH would be expected for this 

type of structure, it does not represent a satisfying explanation for the here presented data. 

Experimental and DFT studies of stable radicals in the irradiated sucrose powder offer among 

other models the possibility of the rupturing of the glycosidic bond and forming of the radical 

center at the C1 atom [6, 29, 30]. In this case the hyperfine interactions are due to the α- 

proton at the C1 atom denoted as H1 and two β-protons at C3 and C5 atoms denoted as H2 

and H3, respectively (structure 2b in Scheme 2). 

 

 

 
 

Scheme 2. Tentative assignment of radical species in glassy trehalose. 
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R3
g1,2  radical exhibits one anisotropic hyperfine interaction with an isotropic value of 44 MHz 

(H1) which might be interpreted as being due to some α- proton. Other hyperfine interactions 

could be due to some β- or γ- proton (H2) and the proton of the OH group (H3). Referring to 

the high-frequency EPR study and DFT calculations of stable free radicals in irradiated 

polycrystalline sucrose [9] the existence of an open ring radical structure of the type originally 

presented by Sagstuen et al cannot be excluded [31]. This radical model (structure 3 in 

Scheme 2) explains the somewhat smaller α- proton coupling in terms of unpaired electron 

delocalization onto the carbonyl oxygen in which case H2 data would refer to the hyperfine 

interaction with the β- proton at C6 while H3 data with the proton of the O6 atom. 

2,1

4

g
R radical data consists of rather similar three hyperfine interactions: two isotropic hyperfine 

interactions (H1 and H2) in the range of 48 MHz and the third one somewhat anisotropic (H3) 

with the isotropic value of 51 MHz. They might be related to the data proposed for the 

structure of the radical in an irradiated mannose referring to the hydrogen detachment from 

C5 atom [32]. As presented in structure 4 in Scheme 2 the unpaired electron experiences 

hyperfine interaction with the proton at C4 and two protons bonded to C6 atom with the 

values of 53.2 MHz, 53.2 MHz and 42 MHz, respectively [32]. This radical species was also 

reported in hydrous trehalose irradiated at 10 K [14] but with much larger isotropic couplings 

of 86 MHz for the proton at C4 atom and 28 MHz for the proton(s) at C6 atom. 

 

b) crystalline trehalose 

R1
b1  radical data exhibits one anisotropic hyperfine interaction with the isotropic value of 53 

MHz (H1), one hyperfine interaction with the anisotropy of ca. 30 MHz (H2) and the 

hyperfine interaction of 12 MHz (H3). Tentative assignment of the stable radical of the type 

presented above for R3
g1  could be proposed (structure 3 in Scheme 2 and structure 1 in 
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Scheme 3). However, this solution cannot explain its further thermal evolution into the radical 

of the R1
b2  type, thus, the identity of the R1

b1  will be left open.  

 

 
 

Scheme 3. Tentative assignment of radical species in crystalline trehalose. 

 

R1
b2  radical data exhibit isotropic hyperfine interactions of 40 MHz (H1), 14 MHz (H2) and 

11 MHz (H3). Data for H1 proton perfectly fits the experimental data consistent with the 

model of a stable radical suggested in hydrous trehalose for which β- type proton hyperfine 

interaction of 39.26 MHz was experimentally derived [8]. It should be pointed out that DFT 

calculations failed to reproduce these experimental data accurately while the only 

experimental data available refers to H1 proton [8]. However, the radical center at C2 atom is 

suggested upon breaking of the glycosidic bond with carbonyl group formation as presented 

in structure 1 in Scheme 3. Due to the fact that the same type of radical was observed in 

sucrose powder  [6] it is suggested that this mechanism is of general importance in the 

chemistry of irradiated disaccharides [8]. Therefore, H1 data presented for R1
b2  radical would 

refer to the hyperfine interaction with the β- proton at C3 while H2 and H3 have to be 

interpreted as hyperfine interactions with the protons at O2 and O3, respectively. 
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R2
b1,2

 radical data show to be rather similar to the hyperfine interactions presented for R2
g1,2

 in 

the glassy state (Table 2) implying basically the same radical structure in both glassy and 

crystalline trehalose induced by irradiation. The interpretation of radical species is in terms of 

the model assuming rupturing of the glycosidic bond and the formation of the radical at C1 

atom (structure 2b in Scheme 2 equal to structure 2 in Scheme 3).  

R3
b1,2  radical data exhibit isotropic values for all three hyperfine interactions of 24 MHz (H1), 

3 MHz (H2) and 5 MHz (H3). Referring to the reported data on room temperature radiation 

products in trehalose single crystals and DFT analysis [6] a good correspondence with the 

radical centered at C2 with a carbonyl group at C3 atom can be noticed (structure 3 in Scheme 

3). The arguments in favor of this radical assignment are in reported hyperfine interactions, 

which should be smaller than 15 MHz (two smaller than 10 MHz) along with the enhanced  

g -tensor anisotropy pointing to ring oxygen in the vicinity of the radical center [6]. In this 

respect here presented data are consistent with the hyperfine interactions with the protons at 

C1 (H1), O2 (H2) and C4 (H3) atoms. 

R4
b1,2

 radical data reveal two large fairly isotropic hyperfine interactions (H1, H2), which can 

be due to two β- type protons, and the third, much smaller hyperfine interaction (H3) as 

presented in Table 2. Taking into account g -tensor anisotropy (Table 2) and reported data 

from the literature [14] a very good agreement is found with the model of radical center 

induced by a net hydrogen abstraction from the C5’ atom (structure 4 in Scheme 3). In this 

case the hyperfine interactions are realized with the protons at C4’ (H1) and C6’ (H2, H3) 

atoms.  

From the above tentative assignments of EPR spectral components in two different trehalose 

polymorphs one can notice that only in one case ( R2
g1,2

 and R2
b1,2

) the formation of the same 



22 
 

radical species was present. The hydrogen abstraction on the atoms C5 (trehalose glass) and 

C5’ (crystalline trehalose) implies somewhat similar damage of the molecule. All the other 

radical types proposed are shown to be different in the two polymorphs (glassy/crystalline) of 

trehalose. It should be mentioned that in the field of EPR dosimetry the importance of 

crystalline, powdered or sintered forms of sugar has been recognized but from the perspective 

of the sensitivity to the irradiation and the accumulated dose [33]. However, here presented 

data suggest that different radical species are generated in differently packed molecular 

structures and, thus, the impact of ionizing radiation is affected by the degree of disorder 

present in the system exposed to radiation. 

 

4. Conclusion  

Here presented results provide experimental evidence that the type and stability of radicals 

induced by gamma-irradiation in anhydrous trehalose depend on the degree of disorder 

present in the material. This conclusion was derived from thermal annealing studies in which 

the rate of the change of both the intensity and the shape of the EPR spectra in TREc and 

TREg when irradiated with the same dose was significantly different. In addition, 

multifrequency EPR spectral analysis resulted in a qualitative decomposition of the 

experimental spectra in terms of 4 contributing radical species from which only in one case 

the formation of the same radical species was present in both TREc and TREg samples, 

whereas all the other proposed radical types were different. Additional heating of trehalose 

glass destroyed one radical species, whereas in the crystalline sample all 4 radical species 

pertained regardless of the treatment. It should be emphasized that here proposed radical types 

in terms of carbon-centered radicals should be taken only as a first trial in the decomposition 

of the complex experimental EPR spectra of gamma irradiated anhydrous trehalose. In the 
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future studies other EPR techniques like ENDOR and ENDOR induced EPR (EIE) should be 

used to unambiguously identify radicals present in different trehalose polymorphs.     
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Figure captions 

 

Scheme 1. Trehalose molecule 

 

Figure 1. EPR spectra of beta (a) and glassy (b) trehalose exhibiting various thermal annealing 

histories: (i) immediately after exposure to 10 kGy gamma-irradiation at 295 K; (ii) after 
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subsequent annealing at 313 K for three days (samples denoted as b1 and g1, respectively); 

(iii) after heating of b1 at 363 K for 6 hours (a) and g1 for 30 min (b); (iv) after heating of b1 at 

363 K for 17 hours (a) and g1 for 2 hours (b), (samples denoted as b2 and g2, respectively); (v) 

after heating of b2 at 453 K for 1 hour (a), and g2 at 363 K for 10 hours (b). The dashed spectra 

labelled b1, b2, g1 and g2, were chosen for further spectral assignment analysis.  

 

Figure 2. Thermal fading of the EPR signals detected at various temperatures of beta (a) and 

glassy (b) trehalose exposed to 10 kGy gamma-irradiation at 295 K and subsequently 

annealed at 313 K for 3 days. A0 and A represent double integrals of the experimental EPR 

spectra detected at annealing times t = 0 and t, respectively. Inset: Zoom of the scale.  

 

Figure 3. Comparison of experimental (solid line) and simulated (dashed line) EPR spectra of 

glassy trehalose samples g1 (a) and g2 (b) at 9.7 GHz (293 K), 94 GHz (100 K) and 244 GHz 

(293 K) frequencies. A referent g -value of 2.00101 is indicated by a triangle symbol. The 

experimental spectra of samples g1 (g2) were simulated assuming 4 (3) spectral components 

(more details are provided in the Supplementary Data in Figs. S1-S6 and Table 1).  

 

Figure 4. Comparison of experimental (solid line) and simulated (dashed line) EPR spectra of 

beta trehalose after annealing at 313 K for three days (Fig. 1, b1 sample) (a) and after heating 

b1 for 17 hours (Fig. 1, b2 sample) (b) at 9.7 GHz (293 K), 94 GHz (100 K) and 244 GHz (293 

K) frequencies. A referent g -value of 2.00101 is indicated by a triangle symbol. The 

experimental spectra of b1 and b2 were simulated assuming 4 spectral components (more 

details are provided in the Supplementary Data in Figs. S7-S12 and Table 2).  
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Scheme 2. Tentative assignment of radical species in glassy trehalose. 

 

Scheme 3. Tentative assignment of radical species in crystalline trehalose. 

 

 

 

 

 

 

 

 


