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Abstract: Mixed solid compounds are employed in a vast array of applications so an 
accurate determination of their chemical compositions is of crucial importance. All 
current characterization methods require specially-treated samples so the availability of 
a more practical method with similar accuracy should alleviate the quantification 
process. In this work, we show how the doping concentration  (or isotope 
concentration) of a mixed solid compound in powdered form, where both parent 
compounds are diamagnetic, can be obtained from the measurement of the mass 
magnetization. We exploit the additive nature of the molar magnetic susceptibility Mol 
and molar mass to construct two equations with the same two unknowns in the Mol vs. 
 space to simultaneously solve Mol and  of a mixed solid. Eight examples are 
provided to show the wide applicability of this method: NH4(1-)D4Br (where D = 2H), 
NH4I1–Br, (NH4H2)1–(ND4D2)PO4, C48H22+6Br6(1–)O32Zr6, [creatine]1–[D-glucose], 
[L-glutamic acid]1–[L-leucine], [terephthalic acid]1–[trimesic acid] and [p-
terphenyl]1–[triphenylphosphine]. Experimental errors of ±1.2% were obtained for  
from average sample masses of 16.6 mg in powdered form rendering the presented 
approach an attractive choice for characterizing the ratios of mixed solids. 
 
[This manuscript is the submitted version to the Journal of Materials Chemistry 
which was subsequently accepted for publication on March 21, 2024; the link to this 
article is: https://doi.org/10.1039/D4TC00757C] 
  



Introduction 

 

Replacement of a fraction of the cations A and B or anions X of solid compounds 

of the types AX or ABX by a different element of the same valency A', B' or X', 

respectively, can dramatically alter the physical and chemical properties of the system.1-

5 The ions can also be replaced by the same element but with a different isotope.6 During 

the synthesis process of a sample with such mixed concentrations, often the chemical 

composition of the final product is different than the molar ratios of the starting solution. 

For example, a solution comprised of deionized H2O with 85% of NH4I and 15% of KI 

powder yields crystals of the composition NH4I0.83K0.17.7 To determine the exact 

chemical composition, X-ray diffraction (XRD) measurements can be performed on the 

sample with unknown NH4
+ and K+ concentrations to obtain the average lattice 

constant(s) and matching it to a reference. The reference is usually a straight line 

connecting the lattice constants of the pure compounds NH4I and KI i.e., Vegard’s Law.8 

However, often the lattice constant(s) of even perfectly miscible compounds do not 

follow the additive rule.9 As such, another type of measurement technique to determine 

the doping concentration of a system is required.  

 

The replacement ions A', B' and X' can also be of the same element but different 

isotope.10 Isotope dating of natural occurring compounds such as rocks, meteorites and 

ice is already a mature field of study.11,12 In contrast, research on deliberate synthesis 

of compounds with mixed isotopes remains in its infancy.6,10 Nevertheless, more and 

more applications with mixed isotopes are flourishing and accurate determination of 

their isotope concentrations is increasing in demand. For instance, precision deuteration 

of pharmaceutical drugs may favorably alter their pharmacokinetics and metabolic 

rates;13 selective substitution of hydrogen by deuterium can result in different 

photoelectronic responses in conducting polymers;14,15 and partial replacement of H by 

D, such as NH3.36D0.64Br, induces a ferroelectric phase.16 The two most common 

methods to determine the isotope concentrations of a material are IRMS (isotope ratio 

mass spectroscopy) and NMR spectroscopy. IRMS requires thermal ionization of the 

samples while NMR requires 'digesting' of samples and expensive equipment. From 

such, an alternative method to determining the isotope concentration of a material that 

is non-destructive and/or more economically accessible is also desirable.  

 

Crystal growth of many organic compounds is rather difficult. This is also true for 

the case of mixed metal-organic frameworks (MOFs) employed in a large variety of 

applications.17,18 In the cases when mixed crystals can be grown, due to their structures 

being nearly identical to the parent compounds, X-ray diffraction patterns are often 

indifferentiable so quantifying the chemical compositions of mixed MOFs is 



challenging. Some ordinary organic compounds also pose the challenge in that they 

possess two stable polymorphs under ambient conditions. In most cases the two 

polymorphs have different structures that behave plastically such as creatine, glucose 

and a plethora of pharmaceutical drugs.19,20 For these reasons, working with lattice 

constants via XRD measurements to determine chemical composition is not feasible in 

such situations. Moreover, determination of the chemical composition of mixed organic 

compounds via mass spectroscopy and X-ray fluorescence is challenging because, 

respectively, the parent compounds may yield similar fragmented ions and the 

fluorescence of lighter atoms (Z < 11) is rather weak. This calls for the need of an 

alternative method capable of determining the stoichiometric ratio of mixed organic 

compounds, preferably one that does not require samples to be in crystalline form or 

digestion of large amounts of samples. 

 

All solid compounds exhibit diamagnetism and their overall diamagnetic signal 

(manifested in the magnetic susceptibility) is comprised of additive components known 

as Pascal’s constants.21 The additive components are based on the compounds' atomic, 

molecular and bonding compositions. Indeed, in binary compounds, at least 

experimentally, the molar magnetic susceptibility varies linearly with the concentration 

of the two pure compounds.22,23 However, applying such a linear relationship to 

determine the concentration of a mixed compound has been deemed impossible since 

in order to obtain the molar magnetic susceptibility of the mixed sample, its molar mass 

is needed which is unknown to begin with. Nevertheless, determination of the 

concentration is still possible by also exploiting the linear relationship of the molar 

masses. The process is not straight forward and to our knowledge, no literature 

employing such a method to determining the doping (and isotope) concentrations of 

mixed compounds have previously been reported. A good portion of inorganic 

compounds and most organic compounds are diamagnetic so the presented method is 

expected to have wide applicability.  

 

In this work, we first briefly review the topic of diamagnetism. Then, we describe 

the method of extracting the doping (or isotope) concentration  of mixed solids via 

measurements of the magnetic susceptibility. Three examples are provided for 

inorganic compounds, one for each case where the lattice constant 1) follows the 

additivity rule; 2) only partially follows the additivity rule; and 3) does not follow the 

additivity rule: these three systems are, respectively, NH4(1–)D4Br, NH4I1–Br and 

(NH4H2)1–(ND4D2)PO4. Around half of metal-organic frameworks are diamagnetic so 

the system C48H22+6Br6(1–)O32Zr6 was selected as a fourth example. Furthermore, four 

examples are provided for organic compounds: [creatine]1–[D-glucose], [L-glutamic 



acid]1–[L-leucine], [terephthalic acid]1–[trimesic acid] and [p-terphenyl]1–

[triphenylphosphine]. These were selected from commonly used reagents that can 

partially represent the large variety of organic compounds comprised of metal organic 

frameworks, acids, sugars and ligands. Laslty, we discuss how the error margins of  

were extracted. On average,  was resolved to 83 parts from only working with 16.6 

mg of powdered samples. Higher resolutions can be obtained by increasing sample 

masses since they scale linearly with each other. 

 

Brief review of diamagnetism 

 

All solids exhibit diamagnetism because its paired electrons, while confined to 

their parent atoms or bonds, possess orbital degrees of freedom that allow them to 

respond to an applied magnetic field H. These electrons end up orbiting near their parent 

atom or bond in a fashion as to generate a magnetic field opposite to H in the attempts 

of maintaining the local magnetic field unchanged, i.e., Lenz’s law. Some paired 

electrons reside deep within atomic shells and others constitute covalent bonds so their 

diamagnetic response is different which may lead to diamagnetic anisotropy24 and 

exalted diamagnetism.25 The contributions from the paired electrons of each type of 

atom and covalent bond to the molar magnetic susceptibility Mol are commonly known 

as Pascal’s constants26 in units of cm3/mol. The addition of all of the Pascal’s constants 

of a molecule provides a good approximation of the system’s expected Mol. Note that 

if there is a presence of unpaired electrons, then the system is paramagnetic at high 

temperatures and below a critical temperature ferromagnetic or antiferromagnetic; and 

their contributions to Mol far exceed that of the paired electrons. For the sake of 

simplicity, we will only discuss materials that do not have unpaired electrons. 

 

Method of obtaining  from the diamagnetic susceptibility 

 

Magnetometers usually measure the total magnetic moment m of a sample in units 

of emu. Here, m =  , is the summation of all of the individual magnetic moments  

within the sample. For diamagnetic systems, m is negative because the directions of all 

 are in the opposite direction of H. The larger the sample the larger m is, so more 

useful quantities are the mass, volume and molar magnetizations, MMass, MVol, MMol, in 

units of emu/g, emu/cm3 and emu/mol, respectively. The magnetic susceptibility is 

treated to behave as  = M/H for diamagnetic systems. Hence, even more useful 

quantities are the analogous mass, volume and molar susceptibilities derived from mass 

= MMass/H, Vol = MVol/H and Mol = MMol/H, respectively, in units of emu/g-Oe, 

emu/cm3-Oe and emu/mol-Oe. These are the true intrinsic values characterizing a 



diamagnetic system with Mol being the most valuable one because it has the same units 

as those of Pascal’s constants (emu/mol-Oe = cm3/mol) and because only Mol is 

additive, whereas mass and Vol are not. Given the linear relationship between  and H 

(for diamagnets), Mol is easily obtainable from the slope of a linear fit of the MMol vs. 

H plot. Experiments can be performed in moderate magnetic fields of –10 kOe to +10 

kOe and at room temperature since  is independent of temperature for diamagnetic 

systems. For the parent compounds, their MMol = m · [mMol / m] are easily derived 

because the masses of the samples m and molar masses mMol (in units of g/mol) are 

known. From such, Mol_A and Mol_A' of the parent compounds A and A' are also easily 

obtained. Since the electrons only interact with H and not with each other, it is presumed 

that all samples with mixed concentrations A1–A' must lie within a straight Line 1 

connecting the points (0, Mol_A) and (1, Mol_A') in the Mol vs.  space (Figure 1). Line 

1 has the following relationship: 

 

Mol = (Mol_A' – Mol_A) ·  + Mol_A  (1) 

 

The problem arises when we attempt to determine MMol (and therefore Mol) of a mixed 

sample with unknown . At first glance, we would presume that  can be obtained from 

Line 1 (in Fig. 1) by simply measuring Mol of the mixed sample. However, this is not 

possible because to obtain Mol we need to know the molar mass of the mixed sample, 

which depends on , and  is unknown to begin with. To circumvent this dilemma, note 

that MMass is measurable so Mass can be determined. The relationship between Mol and 

Mass is Mol = Mass · mMol. While the exact value of mMol() is unknown for the mixed 

sample, we can still be certain that mMol() is a superposition of the parent compounds, 

where mMol() = mMol_A · (1 – ) + mMol_A' · , which upon substitution yields a second 

condition, Line 2: 

 

Mol = Mass · [mMol_A · (1 – ) + mMol_A' · ]  (2), 

 

The physical meaning of Equation (2) is the following: it represents all of the possible 

Mol values of a mixed sample belonging to the A1–A' series with known Mass, mMol_A 

and mMol_A' but unknown , in the span between 0 and 1 (dotted line shown in Fig. 2). 

While any point not resting on Line 2 is not a solution, there exists an infinite number 

of combinations in Equation (2). However, upon imposing the restriction of Line 1, 

meaning that Mol is also restricted to have to lie on Line 1, then only one unique 

solution can simultaneously satisfy both conditions: the point of intersection of Line 1 

and Line 2. 



 

Fig. 1. Relationship between doping concentration  and molar magnetic susceptibility 
Mol of the series A1–A'. Mol of the two pure compounds A and A' are determinable 
because  is known. Dashed line connecting (0, Mol_A) and (1, Mol_A') is Eq. 1. 

 

 
Fig. 2. For mixed samples, only employing Eq. 1 to obtain  is not feasible because to 
determine Mol,  also needs to be known. A second line (dotted) in the form of Eq. 2 is 
introduced so now there are two equations with the same two unknown variables:  and 
Mol. 
 

Results and discussion 

Example 1: NH4(1–)DBr 

 

The molar magnetic susceptibilities obtained for NH4Br and ND4Br (98% 

deuterated) were Mol-NH4Br = –49.036(6)×10–6 cm3/mol and Mol-ND4Br_98% = –

51.674(14)×10–6 cm3/mol, respectively. From such, the corresponding points (0, Mol-

NH4Br) and (0.98, Mol-ND4Br) are plotted in Fig. 3. The dashed line connecting these two 

points is Line 1 for the NH4(1–)D4Br series: Mol = [–2.638(20) ·  – 49.036(6)]×10–6 

cm3/mol. This implies that all samples in the series NH4(1–)D4Br, regardless of the 

value of , must lie on this dashed Line 1. The error bars are not shown since they are 

smaller than the data points. The derivation of the experimental errors of Mass, Mol and 
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 of the parent and mixed samples will be discussed in the last section. 

 

We probed three mixed solids belonging to the NH4(1–)D4Br series each with a 

different unknown . Since the masses of these samples and their magnetizations were 

measurable, their Mass quantities were obtained. Table S1 lists the molar ratios of the 

starting solutions and measured Mass quantities. The molar masses of NH4Br and 

ND4Br are 97.942 g/mol and 101.967 g/mol so Eq. 2, for the NH4(1–)D4Br series, has 

the form Mol = Mass · [97.942 g/mol · (1 – ) + 101.967 g/mol · ]. The inset of Fig. 4 

shows the measured MMass vs. H curve of one of the samples with unknown . The slope 

of the linear fit yielded Mass = –5.0495(12)×10–7 emu/g-Oe so upon substitution to Eq. 

2, Line 2 for this sample was obtained. Figure 4 shows both Line 1 (dashed orange line) 

and Line 2 (dotted pink line) from which their intersection yielded  = 0.634(25) and 

Mol = –50.744(61)×10–6 cm3/mol. Note that for this mixed sample, the starting solution 

was a 1:2 ratio of hydrogen to deuterium atoms. The Mass values of the other two 

samples with starting solutions of different concentrations are listed in Table S1 and 

their respective  were obtained the same way.  

 

To verify the accuracy of the presented approach,  of the same set of samples were 

determined from another method and contrasted. The lattice constants of the NH4(1–

)D4Br series are additive9,27 so the lattice parameters of the pure compounds NH4Br 

and ND4Br can be connected by a straight line (dashed line in Fig. S1). And by 

measuring the lattice constants of the three mixed samples their  values can be derived. 

This is a common method to determining  of mixed inorganic compounds. In the case 

of the NH4(1–)D4Br series, the samples are cubic at room temperature so there is only 

one lattice constant a.28 The last column in Table S1 contrasts the obtained  from both 

XRD and magnetic measurements; their differences were all less than 4%. 

 

 
Fig. 3. Relationship between sample composition and molar magnetic susceptibility of 
the NH4(1–)D4Br series, Line 1. 
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Fig. 4. A second equation with the same two unknown variables Mol and  is available 
from each mixed sample since their mass susceptibility Mass is different. Mass of each 
sample is obtained from the slope of the linear fit of their measured M(H) curves (inset). 

 

The average experimental error of  obtained for the mixed samples was 0.017, 

meaning that  can be resolved to 58 parts, a rather low value since the difference of 

Mol between NH4Br and ND4Br was only 2.692(20)×10–6 cm3/mol. However, 

comparing this to the method of determining  from lattice constant measurements, in 

the same range of 0 to 1,  can only be resolved to 59 parts. This is because the precision 

of XRD equipment in typical laboratories is 0.0001 Å and the lattice constants of NH4Br 

and ND4Br at room temperature are 4.0659 and 4.0600 (Fig. S1). This example is the 

extreme case when the difference of Mol between the two parent compounds is small, 

all of the rest of the examples have Mol differences much larger and most have much 

better  resolutions. 

 

The slope of Line 1 is the difference in Mol between NH4Br and ND4Br, or more 

specifically, the difference of the NH4
+ and ND4

+ cations in units of cm3/mol. The 

Pascal’s constant of NH4
+ is –13.3×10–6 cm3/mol, so according to our results, that for 

the ND4
+ cation is –16.0×10–6 cm3/mol; we could not find this value in any existing 

literature. 

 

Example 2: NH4I1–Br 

 

At room temperature, both NH4I and NH4Br are cubic, however the former is face-

centered of the NaCl type and the latter body-centered of the CsCl type.28 Despite a 

large difference in lattice constants, 7.2758 Å for NH4I and 4.0659 Å for NH4Br,28 the 

solutions of these two compounds are completely miscible and its lattice constant is 

additive up to a Br- concentration of 37%.9 Above this critical point the lattice constant 

decreases by over 3 Å and becomes nearly independent of Br- concentration so the 
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NH4I1–Br series may be treated to be partially additive. As such, the composition of 

these mixed solids may only be determined when  < 0.37 if we were to only work with 

lattice constants. 

 

Four mixed solids belonging to the NH4I1–Br series with starting solutions listed 

in Table S2 were prepared. The same approach as that in Example 1 was taken. First, 

Line 1 was constructed from the measured molar susceptibility of the pure compounds 

NH4I and NH4Br: Mol = [14.932(13) ∙  – 63.968(7)]×10–6 cm3/mol. Then, Line 2 for 

each of the mixed solids were obtained from their measured Mass values which had the 

form of Mol = Mass · [144.942 g/mol · (1 – ) + 97.942 g/mol · ]. The intersections 

between Line 1 and Line 2 for each of the four mixed samples are shown in Fig. 5. 

 

 
Fig. 5. Experimentally obtained values of Mol of NH4I, NH4Br and those of four mixed 
solids in the series NH4I1–Br. The orange dashed line (Line 1) represents the only 
allowed combinations of Mol and  for all mixed samples of NH4I and NH4Br. Each of 
the four dotted lines (Line 2) represents Eq. 2 of a different mixed solid; their 
intersections with Line 1 allows for the determination of . Inset is an enlarged region 
showing that the upper dashed line is comprised of two dashed lines. 

 

The lattice constants were also measured for the four mixed solids and plotted as a 

function of  in Fig. S2. As a comparison, the data points from Havighurst et al.9 are 

also plotted in Fig. S2. There is a discrepancy of ~0.03 Å between the two data sets 

when  < 0.37 which we attribute to sample purity because the difference was also 

observed in the undoped sample NH4I. The samples we acquired were 99.999% in 

purity. If the fitting line used in Ref. 9 is shifted by 0.03 Å to serve as the control 

measure, then the  values obtained from Eqs. 1 & 2 only deviate by ~1%. 

 

The inset of Fig. S2 shows the behavior of the lattice constant in the entire 0 <  < 

1 range. While the lattice constant of the NH4I1–Br series is only partially additive, its 

molar magnetic susceptibility is additive (Fig. 5). This means that a second control 
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method is not needed to check the limits of additivity if the current method were to be 

employed to determine . 

 

The experimental error of  obtained for the mixed samples in this example were 

rather low with the 12.8 mg sample having the highest error of 0.006 which translates 

to  capable of being resolved to 167 parts. 

 

Example 3: (NH4H2)1–(ND4D2)PO4 

  

The lattice constant of ammonium dihydrogen phosphate (ADP) NH4H2PO4 does 

not vary linearly with respect to the amount of deuteration29 because the D+ can replace 

the H+ of either the ammonium cations or acid protons at different probabilities. As 

such, lattice constant measurements cannot determine  of the ADP and deuterated 

ammonium dihydrogen phosphate (DADP) mixed system (NH4H2)1–(ND4D2)PO4 

unless another analytical method was used prior to calibrate the lattice constants-to- 

relationship. One way to determine the amount of deuteration of ADP is through the 

transition temperature of its order-disorder phase transition.30 The critical temperatures 

TC of ADP and DADP are 148 K and 242 K,31,32 respectively, with  varying linearly 

with respect to TC.33 

 

 
Fig. 6. Line 2 (pink dotted) for each of the four mixed solids and their intersections 
with Line 1 (orange dashed) of the (NH4H2)1–(ND4D2)PO4 series. Note that Line 1 
was derived from the TC’s of the samples. 

 

The Supplementary Information file describes the process of extracting TC from 

the monitoring of the near-static dielectric constant; Table S3 lists the obtained  for the 

four mixed solids. For the same four mixed samples as well as pure ADP, their Mass 

were also measured so their expected Mol values were also obtained according to Eq. 

1. The five values of Mol were plotted in Fig. 6 and a linear fit (orange dashed line) 
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was applied to obtain Line 1 for the series (NH4H2)1–(ND4D2)PO4. While Line 1 can 

be established by measuring the Mol of pure ADP and pure DADP which should yield 

the same Line 1 as shown in Figure 6, we did not take the route of growing a fully 

deuterated sample for this set of experiments. Instead,  was first determined through 

their critical transition temperatures and directly substituted into Eq. 1 to obtain Line 1: 

Mol = [–7.644(182) ∙  – 57.717(18)]×10–6 cm3/mol. Suppose now that  was unknown 

for the four mixed solids, hence, Eq. 2 must be employed and each mixed sample will 

have a Line 2. Figure 6 also shows the four Line 2’s of the mixed samples; their 

parameters Mass and intersections with Line 1 are listed in Table S3. The close values 

of  obtained from the dielectric and magnetic methods were rather gratifying. 

Furthermore, Figure 6 shows that even in the case of more complex mixed diamagnetic 

systems that are not binary compounds, their magnetic susceptibility is also additive. 

 

Example 4: C48H22+6Br6(1–)O32Zr6 

 

MOFs that are not diamagnetic usually behave paramagnetically because the 

magnetic ions within dimers or trimers are far apart from other dimers or trimers of the 

same species thereby limiting intermolecular antiferro- or ferro-magnetic interactions. 

Since H and m are also linear in paramagnetic systems, our presented method should 

also be applicable. The main difference will be that Mol is positive rather than negative. 

The magnitude of Mol of paramagnetic systems with only one unpaired electron is 

already at least 1 to 2 orders of magnitude larger than their diamagnetic contributions 

so their quantitative analyses using Eqs. 1 & 2 should yield even more accurate results. 

In the cases when the electron spin configurations of the parent MOFs are identical, 

such as when the only difference is the replacement of a ligand,34-36 then the problem 

of determining the sample composition of its mixed compounds using our measure boils 

down to working with their diamagnetic corrections. To lay down the foundation of 

testing MOFs, we selected Zr4+-based MOFs UiO-66 and Uio-66-Br. 

 

Figure 7 shows Mol vs.  of the series C48H22+6Br6(1–)O32Zr6. The mixed samples 

were directly taken from a dry mixture of C48H28O32Zr6 (UiO-66) and C48H22Br6O32Zr6 

(UiO-66-Br) and the control values of  were obtained from the mass ratio of the two 

pure compounds. UiO-66 and UiO-66-Br were assigned as A' and A so Line 1 for this 

series was Mol = [–23.41(99) ∙  – 765.11(66)]×10–6 cm3/mol and Lines 2 of the mixed 

samples had the form Mol = Mass · [2137.44 g/mol · (1 – ) + 1664.06 g/mol · ]. The 

slope of Line 1 is in good agreement with 24.6×10–6 cm3/mol, the expected quantity of 

replacing six C–H bonds with six C–Br bonds according to their Pascal’s constants of 

0 and +4.1×10–6 cm3/mol,26 respectively. The values of Mass and obtained data points 



of Mol and  from the intersections of Line 1 and Lines 2 are listed in Table S4. The 

difference between  obtained from the magnetic method and from that of the control 

method were on average 0.95%. The largest experimental error obtained for  was 0.008 

for the 10.4 mg mixed sample which resolved  to 125 parts. From these two statistical 

values, we expect the presented method to be highly useful in determining ligand ratios 

of mixed MOFs in powdered form because employing inductively coupled plasma mass 

spectroscopy (ICP-MS) to obtain  is challenging when the two parent compounds do 

not have an element that the other does not have. 

 

 
Fig. 7. Experimentally obtained values of Mol and  of the C48H22+6Br6(1–)O32Zr6 
metal organic framework system. The five data points and slopes (Mass) of Lines 2 are 
listed in Table S4. 

 

Example 5: [creatine]1–[D-glucose] 

  

D-Glucose can crystallize into two polymorphs,  and , in ambient conditions to 

give rise to two crystal structures.37,38 To complicate matters, the two phases in glucose 

interconvert back and forth with time. The main difference between the  and  phases 

is the direction of one of its –OH bonds so their magnetic susceptibility should also be 

the same. Figure 8 shows the obtained Mol of creatine and D-glucose ( = 0 and 1, 

respectively) as well as the extracted  of three of their mixed compounds. Line 1 for 

this series was Mol = [–32.03(21) ∙  – 74.950(18)]×10–6 cm3/mol and Lines 2 had the 

form Mol = Mass · [131.13 g/mol · (1 – ) + 180.16 g/mol · ]. The solved values of 

Mol,  and their respective Mass values are listed in Table S5. With the use of Eqs. 1 

and 2, the ratio between the  and  phases of glucose cannot be discerned, however, 

the ratio between glucose (regardless of its  and  concentrations), when mixed with 

another compound, is discernable. This is complimentary to working with lattice 

parameters to determining chemical composition because XRD measurements have the 

opposite problem. 
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Fig. 8. Mol and  of five samples of the [creatine](1–)[D-glucose] series. 
 

Example 6: [L-glutamic acid]1–[L-leucine] 

  

L-Glutamic acid is similar to D-glucose in the sense that two polymorphs of the 

same compound are stable at ambient conditions.39,40 L-Leucine as well as many other 

amino acids are increasingly being employed as dopants to enhance the non-linear 

optical properties of ferroelectric crystals41,42 so an accurate determination of chemical 

composition is of high importance. Figure 9 shows the experimentally obtained Mol 

and  for the series [L-glutamic acid]1–[L-leucine] for when  was 0, 1 and three other 

arbitrary values. The obtained Lines 1 & 2 for this series were, respectively, Mol = [–

12.957(41) ∙  – 81.529(21)]×10–6 cm3/mol and Mol = Mass · [147.13 g/mol · (1 – ) + 

131.17 g/mol · ]. The experimental error obtained for  for the mixed samples of this 

example was the smallest of all;  was resolved to 333 parts with an average sample 

mass of only 12.76 mg (Table S6). 

 

 

Fig. 9. Mol and  of five samples of the [L-glutamic](1–)[L-leucine] series. 
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Example 7: [terephthalic acid]1–[trimesic acid] 

 

Terephthalic acid and trimesic acid are commonly used reagents in most 

laboratories; the former often serve as precursors to plasticizers and linkers to MOFs. 

The main difference between these two compounds is the replacement of a C–H bond 

of the benzene ring by a C–COOH bond. Figure 10 shows Eq. 1 possessing the form 

Mol = [–10.734(47) ∙  – 86.434(14)]×10–6 cm3/mol and Eq. 2 of the mixed compounds 

with the form Mol = Mass · [166.13 g/mol · (1 – ) + 210.14 g/mol · ]. In this example, 

deviation of  from its control values were the smallest (Table S7) when compared to 

all other examples and the experimental errors of  were all less than 0.007 allowing it 

to be resolved to 143 parts. 

 

 
Fig. 10. Mol and  of five samples of the [terephthalic acid](1–)[trimesic acid] series. 
 

Example 8: [triphenylphosphine]1–[p-terphenyl] 

 

Triphenylphosphine (PPh3) is a common ligand used in the synthesis of many 

organometallic compounds and p-terphenyl differs mainly by a P atom so these two 

compounds were selected to further show the applicability of the presented method. 

Figure 11 shows Mol and  of PPh3, p-terphenyl and three of their mixed compounds. 

The equations obtained were Mol = [19.15(8) ∙  – 178.54(4)]×10–6 cm3/mol serving as 

Line 1 and Mol = Mass · [262.3 g/mol · (1 – ) + 230.3 g/mol · ] as Lines 2 for each 

of the mixed samples. The set of mixed samples of this series exhibited the largest 

experimental errors in  because the slopes of Line 1 and Lines 2 were very similar 

(Table S8). Omission of this example would have allowed us to reduce the average 

experimental error of all mixed samples from 1.2% down to 0.86%, i.e. obtain an 

average resolution of 117 parts instead of 83, however, there will be extreme cases such 

as these so we want to provide a full picture of the presented method. 
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Fig. 11. Mol and  of five samples of the [triphenylphosphine](1–)[p-terphenyl] series. 
 

Error analysis: 

 

The noise level of the measured magnetization m of the magnetometer (PPMS) is 

rated as 2×10–7 emu at ±10 kOe. This is the case if only one point was measured, 

however, in each of our experiments we performed a 10 kOe → –10 kOe → 10 kOe 

scan averaging at least 100 points (inset of Fig. 4) so the noise level was reduced by 1 

order of magnitude. The typical signal measured at 10 kOe in the current experiments 

ranges from –2×10–4 to –2×10–5 emu (average sample mass of 16.6 mg) so the 

measurements have signal-to-noise ratios of 1,000–10,000. As an example, the 

averaged m at 10 kOe of the parent samples UiO-66-Br ( = 0) and UiO-66 ( = 1) were 

–2.32671×10–5 emu and –4.73856×10–5 emu, respectively, so they had signal-to-noise 

ratios of 1,163 and 2,369. From such, their Mass along with their experimental error 

limits were –0.35796(31)×10–6 emu/g and –0.47386(20)×10–6 emu/g; their Mol were, 

respectively, –765.11(66)×10–6 cm3/mol and –788.52(33)×10–6 cm3/mol. To obtain the 

experimental error limits of  and Mol of the mixed samples, Lines 1 and 2, along with 

their maximum possible errors, need to be plotted and analyzed. Line 1 of Example 4 

along with its margin of error are shown in Fig. 12 in red. Line 1 has the equation Mol 

= [–23.41 ∙  – 765.11]×10–6 cm3/mol (red dashed line) and the limit of its error margins 

have the form Mol = [–22.42 ∙  – 764.45]×10–6 cm3/mol and Mol = [–24.40 ∙  – 

765.77]×10–6 cm3/mol (red solid lines). The  = 0.718 sample was selected for this 

example, its Mass was –0.43495(18)×10–6 emu/g so Line 2 has the form of Mol = –

0.43495×10–6 emu/g · [2137.44 g/mol · (1 – ) + 1664.06 g/mol · ] (blue dashed line) 

and its error margins have the form Mol = –0.43477×10–6 emu/g · [2137.44 g/mol · (1 

– ) + 1664.06 g/mol · ] and Mol = –0.43513×10–6 emu/g · [2137.44 g/mol · (1 – ) + 

1664.06 g/mol · ] (blue solid lines). The four orange dots represent the largest possible 

errors when working with both Eqs. 1 and 2. The orange dots having the largest x- or 

y-components were taken as the error margins of  and Mol. Hence, for this particular 
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mixed sample,  = 0.718(7) and Mol = 781.90(125) so in the range of 0 <  < 1,  was 

resolved to 143 parts. The average mass and resolutions of all of the 26 mixed samples 

in the studied eight examples were 16.6 mg and 83 parts, respectively. The resolution 

of  scales with the amount of sample so for resolutions of 100 parts, only ~20 mg of 

sample in powdered form is needed. As a comparison, NMR measurements employed 

for the same characterization method can typically determine  to resolutions of around 

100 parts; however, a significant amount of sample size is needed. For instance, at least 

1 cm3 of sample is required for solid-state NMR measurements.43 In the current 

experiments, a 12-fold increase of the sample masses can allow  to be potentially 

resolved to >103 parts. Furthermore, employing a SQuID (Superconducting Quantum 

Interference Device) magnetometer, which has noise levels one order of magnitude 

lower than the currently employed vibrating sample magnetometer, can render  to be 

resolved to higher accuracy. 

 

 
Fig. 12. Line 1 (dashed red line) along with its error margin (solid red lines) of the 
C48H22+6Br6(1–)O32Zr6 system discussed in Example 4. Line 2 (dashed blue line) of the 
 = 0.718 mixed sample in the same system along with its error margin (solid blue lines). 
Orange dots represent the largest possible error when employing both Eqs. 1 and 2. The 
error margins of  and Mol were taken as the largest x- and y-components bounded by 
the orange dots. 

 

Precautions and limitations 

 

During the measurement of m, the samples need to be attached onto a sample rod. 

Usually, a form of adhesive is used to accomplish this. In our case, we used GE varnish; 

the mass needed to firmly secure the sample ranged from 12-16% of that of the sample. 

These adhesives also have a diamagnetic response so their Mass need to be measured 

first to then serve as a background to be subtracted during the sample measurements. 

Hence, during each measurement of the sample, the mass of the adhesive also needs to 

be weighed.  
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It is highly recommended to experimentally measure Mol of the parent compounds 

instead of just obtaining a theoretical approximation of Mol through addition of Pascal’s 

constants because the experimental values are almost always different due to sample 

purity. Table S9 lists the experimentally obtained Mol of all of the parent compounds 

along with their expected values from the addition of Pascal’s constants. 

 

Since covalent bonds are directional, the diamagnetic response of a molecule is 

different depending on the direction of H. Hence, mol of a compound that is in single 

crystalline form is anisotropic. As such, bulk crystalline samples should be grinded into 

powder and compressed into disc pellets prior to the measurements. 

 

The current approach is not suitable for measuring diamagnetic liquids as most do 

not obey the simple mixture law. Molten mixtures often undergo chemical and/or 

physical changes44,45 so the molecular composition and magnetic susceptibility may not 

exhibit a linear relationship. The magnetic susceptibility is also very sensitive to liquids 

dissolving gasses such as oxygen46 so the current approach may not be suitable to 

determining the doping or isotope concentrations of porous nanosized materials. 

 

Conclusion 

 

A method of determining the chemical composition of diamagnetic mixed solids 

was presented. The trick was to employ two linear equations with the same two 

unknown variables to simultaneously obtain the molar magnetic susceptibility and 

doping concentration of a mixed solid. The first (and second) equations use the additive 

nature of the molar magnetic susceptibility (and molar masses) of the pure compounds. 

Eight examples were provided to show the feasibility of the presented concept. With 

experimental errors limited to ≤1.2% and only small quantities of powdered samples 

needed, the presented method should be a highly attractive alternative for determining 

the chemical composition of mixed solids encompassing a wide range of diamagnetic 

compounds such as pharmaceutical drugs, composites, polymers, etc. 
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Supplementary Information: 

1. Experimental details 

2. Tables listing the doping concentrations  and molar magnetic susceptibilities Mol 

of Examples 1-8 (Tables S1-S8). 

3. List of experimentally obtained Mol (Table S9). 

4. Determination of  of NH4(1–)DBr (Example 1) and NH4I1–Br (Example 2) 

from lattice parameters (Figures S1 & S2). 

5. Determination of  of (NH4H2)1–(ND4D2)PO4 (Example 3) via measurements of 

the critical temperatures of the order-disorder phase transition (Figure S3 & S4). 

  



1. Experimental details: 

a) Magnetic susceptibility measurements: 

The magnetic susceptibility was measured by the vibrating sample magnetometer 

(VSM) option of a Physical Properties Measurement System (PPMS) manufactured by 

Quantum Design, Inc. All measurements were performed at 300.00 K. The ramping 

speed of the applied magnetic field was set to 20 Oe/s. GE varnish was used to secure 

the samples onto the sample rods. The mass of the varnish was always measured so its 

diamagnetic contribution can be subtracted. 

 

b) Sample preparation: 

NH4(1–)D4Br: Ammonium bromide NH4Br (CAS#: 12124-97-9, 99.99% in purity) 

was mixed in different ratios of deionized H2O and D2O (99.5% deuterium) to form a 

solution. After slow evaporation, the formed crystals were collected, grounded to 

powder and compressed into pellets of sizes 5 mm in diameter and 2 mm in height.  

 

NH4I1–Br: NH4Br and ammonium iodide NH4I (CAS#: 12027-06-4, 99.999%) 

were mixed in deionized H2O to form a solution. The slow evaporation method was 

also used and the mixed crystals were grounded and compressed into pellets.  

 

(NH4H2)1–(ND4D2)PO4: Ammonium dihydrogen phosphate (NH4)H2PO4 (CAS#: 

7722-76-1, ≥99.99%) was dissolved in different ratios of H2O and D2O (starting 

solutions are listed in Table S3). After slow evaporation, the collected crystals were 

grounded and pressed into pellet-form.  

 

Pure solids of NH4I, NH4Br and NH4H2PO4: powder was taken straight from the 

reagent bottles and compressed into disc-shaped pellets.  

 

For the remaining five series of examples, different quantities of the ten parent 

compounds were dry mixed, finely grounded into powder and pressed into pellets. Their 

control  were determined from the masses of the parent compounds prior to mixing. 

The parent compounds were: Zirconium 1,4-dicarboxybenzene MOF, C48H28O32Zr6 

(UiO-66, CAS#: 1072413-89-8, ≥97% in purity); C48H22Br6O32Zr6 (UiO-66-Br, CAS#: 

1260119-02-5, 97%); creatine, C4H9N3O2 (CAS#: 57-00-1, 98%); D-glucose, C6H12O6 

(CAS#: 50-99-7, ≥99.5%), L-glutamic acid, C5H9NO4 (CAS#: 56-86-0, ≥99.5%); L-

leucine, C6H13NO2 (CAS#: 61-90-5, 99%); terephthalic acid, C8H6O4 (CAS#: 100-21-

0, 99%); trimesic acid, C9H6O6 (CAS#: 554-95-0, 98%); p-terphenyl, C18H14 (CAS#: 

92-94-4, ≥99.5%); and triphenylphosphine, C18H15P (CAS#: 603-35-0, >99%). 

 

 



c) Lattice constant measurements: 

The lattice constants were obtained by using a Rigaku XtaLAB CCD diffractometer 

equipped with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) via the ω-φ 

scanning technique. Single crystals taken directly from the mother liquor were placed 

in paraffin oil for their analyses. The crystals were mounted on a nylon loop and placed 

on the goniometer for data collection. All measurements were performed at 300 K. 

 

2. Tables listing the doping concentrations  and molar magnetic susceptibilities 

Mol of examples 1-8. 

The obtained molar magnetic susceptibility Mol and doping concentration  of the 

series of samples in Examples 1 to 8 (Figures 4 to 11) are listed in Tables S1 to S8, 

respectively. Mass is the measured mass magnetic susceptibility for every sample. A 

comparison of  obtained with the magnetic susceptibility method and control is also 

provided in the last columns. The difference in  obtained from the current method and 

from a second control method was on average 1.86%, which is nearly twice as the 

theoretical expected value. This discrepancy may be attributed to uncertainties of the 

control method and errors introduced during the weighing process of the samples.  

 
 in starting 

solution 

Sample 

mass (mg) 

Mass (emu/g-Oe    

×10–6 ) 

Mol (cm3/mol 

×10–6) 
 from Mol 

 from lattice 

constant 

-Mol /-

control % 

0.00 35.4 – 0.50066(6) – 49.036(6) 0 0 -- 

0.25 17.2 – 0.50200(12) – 49.555(10) 0.192(5) 0.187 2.67 

0.67 16.4 – 0.50495(12) – 50.744(61) 0.634(25) 0.626 1.28 

0.83 39.8 – 0.50564(5) – 50.972(55) 0.719(22) 0.747 – 3.75 

0.999×3 14.7 – 0.50718(14) – 51.674(14) 0.980 0.980 -- 

Table S1. Measured values of the NH4(1–)D4Br series: mass magnetic susceptibility 
Mass, molar magnetic susceptibility Mol and doping concentration  from two methods. 
“ in starting solution” takes into account the molar quantities of the reagent: H2O plus 
D2O. The last column contrasts the obtained values of  via the Mol and XRD methods 
by taking their ratio minus one and multiplying by 100. 

 
 in starting 

solution 

Sample 

mass (mg) 

Mass (emu/g-Oe 

×10–6 ) 

Mol (cm3/mol 

×10–6) 

 from 

Mol 

a from XRD 

(Å) 

0.00 41.6 – 0.44133(5) – 63.968(7) 0 7.2758 

0.06 12.8 – 0.44381(16) – 63.065(87) 0.060(6) 7.2530 

0.09 18.3 – 0.44435(11) – 62.870(67) 0.073(4) 7.2481 

0.25 16.4 – 0.45087(12) – 60.671(73) 0.221(4) 7.1859 

0.98 25.6 – 0.49588(8) – 49.871(68) 0.944(3) 4.0590 

1.00 35.4 – 0.50066(6) – 49.036(6) 1 4.0659* 

Table S2. Measured values of the NH4I1–Br series; *value from Ref. 28. 
 



 in starting 

solution 

Sample 

mass (mg) 

Mass (emu/g-Oe  

×10–6 ) 

Mol (cm3/mol 

×10–6) 
 from Mol  from TC 

-Mol /-

control % 

0.00 13.1 – 0.50177(15) – 57.717(18) 0 0 -- 

0.20 21.4 – 0.50695(9) – 58.692(34) 0.124(7) 0.120 3.33 

0.40 6.5 – 0.51296(31) – 59.853(60) 0.274(10) 0.261 4.98 

0.60 8.9 – 0.51578(22) – 60.448(73) 0.351(8) 0.336 4.46 

0.80 7.8 – 0.52678(26) – 62.640(99) 0.644(11) 0.644 0.00 

Table S3. Measured values of the (NH4H2)1–(ND4D2)PO4 series. 
 
 in starting 

mixture 

Sample 

mass (mg) 

Mass (emu/g-Oe  

×10–6 ) 

Mol (cm3/mol 

×10–6) 
 from Mol 

-Mol /-

control % 

0.000 6.5 – 0.35796(31) – 765.11(66) 0 -- 

0.497 9.9 – 0.40877(20) – 776.83(107) 0.501(7) 0.80 

0.720 11.3 – 0.43495(18) – 781.90(125) 0.718(7) – 0.28 

0.852 10.4 – 0.45481(19) – 788.70(141) 0.867(8) 1.76 

1.000 10 – 0.47386(20) – 788.52(33) 1.000 -- 

Table S4. Measured values of the [UiO-66-Br](1–)[UiO-66] series.  
 
 in starting 

mixture 

Sample 

mass (mg) 

Mass (emu/g-Oe  

×10–6 ) 

Mol (cm3/mol 

×10–6) 
 from Mol 

-Mol /-

control % 

0.000 14.3 – 0.57157(14) – 74.950(18) 0 -- 

0.223 11.0 – 0.57770(18) – 82.892(426) 0.217(14) – 2.69 

0.410 17.2 – 0.58260(12) – 88.311(466) 0.417(16) 1.71 

0.880 20.0 – 0.59230(10) – 104.032(375) 0.908(15) 3.19 

1.000 14.0 – 0.59383(14) – 106.98(3) 1.000 -- 

Table S5. Measured values of the [creatine](1–)[D-glucose] series.  
 
 in starting 

mixture 

Sample 

mass (mg) 

Mass (emu/g-Oe  

×10–6 ) 

Mol (cm3/mol 

×10–6) 
 from Mol 

-Mol /-

control % 

0.000 14.0 – 0.55413(14) – 81.529(21) 0 -- 

0.146 13.6 – 0.57626(15) – 83.430(24) 0.147(2) 0.68 

0.590 9.6 – 0.64620(21) – 89.057(36) 0.581(3) – 1.52 

0.651 13.3 – 0.65777(15) – 89.936(33) 0.649(3) – 0.31 

1.000 13.3 – 0.72033(15) – 94.486(20) 1.000 -- 

Table S6. Measured values of the [L-glutamic acid](1–)[L-leucine] series. 
 
 in starting 

mixture 

Sample 

mass (mg) 

Mass (emu/g-Oe  

×10–6 ) 

Mol (cm3/mol 

×10–6) 
 from Mol 

-Mol /-

control % 

0.000 23.0 – 0.52028(9) – 86.434(14) 0 -- 

0.170 17.0 – 0.50826(12) – 88.276(62) 0.172(4) 1.18 

0.632 19.4 – 0.48052(10) – 93.243(109) 0.634(6) 0.32 

0.685 13.9 – 0.47819(14) – 93.866(122) 0.678(7) – 1.02 

1.000 12.5 – 0.46240(16) – 97.168(33) 1.000 -- 



Table S7. Measured values of the [terephthalic acid](1–)[trimesic acid] series. 
 
 in starting 

mixture 

Sample 

mass (mg) 

Mass (emu/g-Oe  

×10–6 ) 

Mol (cm3/mol 

×10–6) 
 from Mol 

-Mol /-

control % 

0.000 13.7 – 0.68065(15) – 178.54(4) 0 -- 

0.209 17.4 – 0.68291(11) – 174.34(98) 0.219(48) 4.78 

0.281 14.8 – 0.68359(14) – 173.16(75) 0.282(29) – 0.36 

0.589 17.1 – 0.68676(12) – 167.68(85) 0.567(40) – 3.74 

1.000 11.8 – 0.69208(17) – 159.39(4) 1.000 -- 

Table S8. Measured values of the [triphenylphosphine](1–)[p-terphenyl] series. 
 

3. List of experimentally obtained Mol. 

Compound name 
Mol (cm3/mol ×10–6 ) 

(Experimental) 
Mol (cm3/mol ×10–6) 

(Expected) 

Sample 

purity (%) 

NH4Br – 49.036(6) – 47.9 99.99 

ND4Br – 51.674(14)* N/A† 100 -d 

NH4I – 63.968(7) – 63.9 99.999 

NH4H2PO4 – 57.717(18) – 63.86  99.99 

ND4D2PO4 – 65.402(30)* N/A† 100 -d 

C48H28O32Zr6 – 788.52(33) N/A‡ ≥97 

C48H22Br6O32Zr6 – 765.11(66) N/A‡ >97 

Creatine – 74.950(18) – 77.39 98 

D-glucose – 106.98(3) – 101.5 ≥99.5 

L-glutamic acid – 81.529(21) – 78.5 ≥99.5 

L-leucine – 94.486(20) – 84.9 99 

terephthalic acid – 86.434(14) – 84.22 99 

Trimesic acid – 97.168(33) – 97.68 98 

Triphenylphosphine – 178.54(4) – 187.0 >99 

p-terphenyl – 159.39(4) – 157.8 ≥99.5 

Table S9. List of Mol values of the parent compounds obtained experimentally at 
300 K. The expected values of Mol were calculated from addition of Pascal’s constants 
taken from Ref. 26.  
*98% deuteration. 
†Pascal’s constants of ND4 not available in existing literature. 
‡Pascal’s constant of the –Zr covalent bond also not available.  

 

4. Determination of  of the NH4(1–)DBr series (Example 1) and NH4I1–Br 

series (Example 2) from lattice parameters. 

The doping concentration  was also extracted from measured lattice parameters 

of NH4(1–)DBr (Figure S1) and NH4I1–Br (Figure S2) as a means to check the 

accuracy of the obtained  from our magnetic measurements.  

 

The lattice constants were obtained by using a Rigaku XtaLAB CCD 



diffractometer equipped with graphite-monochromated Mo Kα radiation (λ = 0.71073 

Å) via the ω-φ scanning technique. Single crystals taken directly from the mother liquor 

were placed in paraffin oil for their analyses. The crystals were mounted on a nylon 

loop and placed on the goniometer for data collection. All measurements were 

performed at 300 K.  

 

Fig. S1. Lattice constant a vs. isotope concentration. Open squares represent the lattice 
constants of NH4Br and ND4Br according to Levy et al.28 and Havighurst et al.9 The 
three solid squares are the obtained lattice constants of the three mixed solids and their 
corresponding . 

 
Fig. S2. Lattice constant a vs. halide concentration. Yellow squares are data from the 
last two columns of Table 2. Grey squares are data from Havighurst et al.9 Dashed lines 
are linear fits. Inset shows how a is no longer additive when  > 0.37.  
 

5. Determination of  of the (NH4H2)1–(ND4D2)PO4 series (Example 3) via 

measurements of the critical temperatures of the order-disorder phase 

transition. 

For the series (NH4H2)1–(ND4D2)PO4,  was extracted from the critical 

temperature TC of its order-disorder phase transition according to  = (TC – 148 K) / 94 

K.33 Figure S3 shows the cooling and warming runs at 2 K/min of the mixed samples 
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with their respective TC’s. Figure S4 is a graphical representation of the linear 

relationship between the measured TC’s with . In each case,  was obtained from the 

average TC value of the cooling and warming curves.  

 

The dielectric constants of the mixed crystals of the series (NH4H2)1–(ND4D2)PO4 

were obtained from their measured capacitances with an E4980A LCR meter from 

Agilent Technologies. The electrodes were in to form of silver paint applied onto the 

surfaces perpendicular to the b-axis direction of the crystals. The applied electric field 

and frequency were ~5 V/cm and 1 kHz, respectively. 

 

Fig. S3. Dielectric constant of the series (NH4H2)1–(ND4D2)PO4, [ADP]1–-[DADP], 
with respect to temperature. The obtained  for the cases when a)  = 0.120; b)  = 
0.261; c)  = 0.336; and d)  = 0.644 were obtained from the average of the critical 
temperatures TC during cooling and warming for each sample.  

 
Fig. S4. The equation  = (TC – 148 K) / 94 K was employed to obtain  from TC. Red 
squares represent the parent compounds NH4H2PO4 and ND4D2PO4; yellow squares 
the four mixed samples.  
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