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Abstract

Heavy trivalent lanthanides and yttrium picolinates were synthesized by complexation of basic
rare-earth metal carbonates with an aqueous solution of picolinic acid. The novel compounds
were obtained with the general formula Ln(L)3;:nH,0, where L is picolinate and n= 1.5 H,O (Dy,
Ho, Yb, Lu and Y), 2 H,O (Tb and Tm) and 2.5 H,0 (Er). The stoichiometry of the complexes was
calculated through mass losses found using thermogravimetry (TG), complexometry and
elemental analysis (EA). The thermal behavior in oxidative and pyrolytic atmospheres of the
compounds was analyzed by simultaneous thermogravimetry - differential scanning calorimetry
(TG-DSC). The gaseous products of the pyrolysis were determined throughout by monitoring the
evolved species using TG-DSC, Fourier transform infrared spectroscopy (TG-DSC-FTIR), hot-stage
microscopy mass spectrometry (HSM-MS), and gas chromatography-mass spectrometry (GC-
MS). The obtained results validated mass loss assignments made using the TG curves. However,
gaseous product analysis indicates the degradation processes are more complex than the
thermoanalytical techniques suggest alone. This study used a GC-MS technique to identify the
condensed gaseous products obtained during the second step of the thermal degradation of the
picolinate complexes. The analysis of the symmetric and asymmetric stretching frequencies of
the carboxylate group in the FTIR spectra showed a monodentate bonding mode. The
compounds were obtained in the amorphous state, as indicated by the powder X-ray
diffractometry (PXRD) data.

Keys works: Heavy trivalent lanthanide picolinates, evolved gas analysis (EGA), TG-DSC-FTIR,
HSM-MS, GC-MS.
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Introduction

Picolinic acid (CsHsNO>) is a substance found widely in nature, particularly in plants and humans,
participating in key regulatory processes and provides assimilation of elements [1]. Complexes
using picolinates have therapeutic uses in both humans and animals, for example chromium
picolinate may be used as a dietary supplement, with the complex also being reported to reduce
morphine dependence in rats [2-3]. Zinc picolinate was also studied as a dietary supplement,
aiming to reduce the oxidative stress found in species of rainbow trout [4]. A variety of picolinate
complexes have been described in the literature using a wide range of metal centers including
Cu, Mn, Rh, Ir, and many others [5-9].

Moreover, picolinate has uses as a sensitizer, assisting the provision of luminescence to selected
lanthanides (i.e. europium and terbium), which affords mechanoluminescent complexes [10].
Studies implementing the complexation of trivalent rare-earth with derivatives of picolinate
have also been explored, aiming to further improve the luminescence and the energy transfer
between the ligand and lanthanide [11-12]. The literature reports the functionalization of
picolinates to form compounds such as; dipicolinate, N-oxide picolinate [13-18], 3-
hydroxypicolinate, and 3,5-dipicolinate, as well as the introduction of picolinate on a
triazacyclononane ring system [13-17], studies about picolinate salts with rare-earth were also
found [19].

Spectroscopic studies of some light-lanthanides have suggested that picolinate complex binds
through the nitrogen in the pyridine ring and with the carboxylate group [20]. The same mode
of coordination is observed for the dysprosium [21] and terbium [19] complexes that bind
monodentatively with the carboxylate group.

In another study, holmium was found binding in a bidentate bridging mode with additional
bonding to the pyridine nitrogen atom [22]. To the best of our knowledge, comprehensive
studies determining the thermal behavior of heavy trivalent ions with picolinate remain
unexplored. The understanding of the thermal and pyrolytic decomposition of heavy picolinates
is essential in the event that these compounds are made into functional materials which may
operate in unknown thermal environments.

This work extends on our previous studies on light trivalent lanthanide picolinates [20] and
reports the synthesis of heavy trivalent lanthanide (Tb to Lu) and yttrium (lll) picolinates. The
investigation and characterisation of these novel compounds were carried out using a range of
thermoanalytical, chromatographic, spectrometric and spectroscopic techniques.

Experimental
Materials

Picolinic acid (CsHeNO,, 99.5%) was obtained from Sigma and was used without further
purification. Aqueous solutions of heavy lanthanide (Tb to Lu and Y) chlorides were prepared



from the corresponding metal oxides (Aldrich > 99%), by treatment with concentrated
hydrochloric acid (Merck, 37%), following the previously described procedure [20].

Due to solubility issues of heavy trivalent lanthanide picolinates, the respective basic carbonates
were obtained prior to the formation of the picolinate complexes. The basic carbonates of heavy
trivalent lanthanides and yttrium(lll) were prepared as previously described [23]. Solid-state
compounds were prepared by mixing the corresponding metal basic carbonates with an
aqueous solution of picolinic acid in non-stoichiometric conditions. The basic carbonates were
kept in slight excess to prevent picolinic acid contamination, which was observed previously
when used in a 1: 1 ratio.

The aqueous suspension was heated up to ebullition until total neutralization of the acid, cooled
to room temperature, and filtered to remove the basic carbonate in excess. Thus, the aqueous
solutions of the respective (Tb to Lu and Y) picolinates were evaporated to near dryness in a
water bath, dried at 50 °C in an air-circulated oven for 12h, and finally kept in a desiccator over
anhydrous calcium chloride.

Following the procedure established to the light lanthanide picolinates [20], any precipitate was
observed to heavy series (all of them have high aqueous solubility). Other synthetic routes were
tried without success which may explain why some of these compounds are unreported.

EDTA (Sigma, = 99 %) solutions were prepared for complexometry studies.
Equipment and conditions

In the solid-state, hydration water, metal ions and picolinate contents were determined from
TG curves. Complexometry studies were carried out by firstly driving the individual compounds
to their respective oxides through high temperature exposure (1000 °C, 1h). The oxides were
then dissolved in a solution of hydrochloric acid and the concentration of metal ions was
determined using a standard EDTA solution following a previously reported method [24,25].

Carbon, nitrogen and hydrogen contents were determined by microanalytical procedures, with
a CNH elemental analyzer model 2400 from Perkin-Elmer and from TG curves, since the total
mass loss occurs with the formation of residue with known stoichiometry.

The DSC curves were obtained with DSC Q10 from TA instruments. The purge gas was nitrogen
flow of 50 mL min™™. A heating rate of 10 C mintwas adopted with samples weighing about 3 mg
in aluminum crucibles with a perforated lid.

Simultaneous TG-DSC curves were obtained by using a TG-DSC 1 Star® system (Mettler Toledo).
The purge gas was dry air or nitrogen with a flow of 50 mLmin. A heating rate of 10°C mintwas
adopted, with samples weighing about 10mg. Alumina crucibles were used for recording the TG-
DSC curves.

Powder x-ray diffractometry patters were obtained by using the Siemens D-5000 X-ray
diffractometer, employing CuKa radiation (A= 1,541A) and setting of 40 kV and 20 maA.
Temperature dependent studies were performed on terbium picolinate. Individual samples of



terbium picolinate were heated at 280 °C, 330 °C and 350 °C using a hot-stage system (described
later), PXRD analysis was performed after homogenizing in an agate pestle and mortar.

Infrared spectra were obtained by using an is10 FTIR spectrophotometer (Nicolet), utilizing an
ATR accessory with Ge window. The FTIR spectra were recorded with 32 scans per spectrum at
resolution of 4 cm™.

The EGA (TG-FTIR) experiments were performed using a TG-DSC (Mettler Toledo) coupled to a
FTIR spectrophotometer (Nicolet). A gas cell held at 250 °C was coupled through a heated (225
°C) 120 cm stainless steel line transfer with diameter of 3 mm, both purged with dry air (50
mLcm™). The FTIR spectra were recorded with 16 scans per spectrum at a resolution of 4 cm™,
approximating to one full scan per degree Celsius represented by Gram-Schmidt curves.

Hot-stage microscopy (HSM) measurements were performed using a system developed at
Huddersfield [26] following the procedures previously described [27]. Samples (10 mg) were
placed in alumina crucibles and heated at a rate of 10 °C min! under an inert atmosphere of
helium. Micrographs were recorded every 10 °C. The HSM system was coupled to a quadrupole
mass spectrometer (HPR20, Hiden, Warrington, UK) operated in El mode. Evolved sample gases
were transferred via a heated quartz capillary line (250 °C) to the inlet of the spectrometer; full
mass scans were recorded between 4 and 300 mass units with an accumulation time of 200 ms
per scan.

GC-MS method developed to evaluate EGA condensates

Approximately 15 mg of sample was weighed to single-sealed 100 mm x 1 mm glass tube. The
samples were encouraged to the bottom and then sealed using a butane burner. The sealed
tubes were stationed in muffle furnace set to 330 °C (deemed ideal following the previous
thermoanalytical temperature screen) and heated at this temperature for 20 minutes.

Once fully cooled to room temperature, a yellow condensed was observed in the upper part of
the tubes. An aliquot of 2.0 mL of methanol (LCMS grade, Fisher) was used to remove the
condensed part. The samples were then kept on ultrasound for 1 minute to encourage the
maximum dissolution of degradation products. The resulting solutions were transferred to GC-
MS via filtration over cotton wool and analyzed with methanol as the blank.

GC-MS analysis was performed on Agilent 7890A-5975C gas chromatograph coupled to a
quadrupole mass spectrometer. The temperatures of the injector and the interface line were
250 °C and 280 °C, respectively. Chromatographic separation was achieved ona 30 m x 0.25 mm
x 0.25 um HP-5ms Ultra Inert capillary column (Alltech, Carnforth,0 UK) under the following
conditions: 40 °C for 2 min, then 5 °C min to 100 °C, then 20 °C min™ to 325 °C and hold for 5
min. Injections (1 mL) were made in the split mode with a 50:1 split ratio. Helium at a head
pressure of 7.1 psi was used as the carrier gas and the capillary column was connected directly
to the ion source of the mass spectrometer. The mass spectrometer was operated in the El mode
under SIM conditions with the following source parameters: electron energy 70 eV, emission
current 300 mA and source temperature 230°C.



Results and discussion

Table 1. Analytical and thermoanalytical (TG*) data for Ln(L)s.nH,O compounds.

fetal oxider 1% H (%) Final
Metal oxide/ % L(Losty% | H0/% C (%) N (%) )
Compounds Residue

Cale. TG EDTA | Cale. TG Cale. TG jCale. EA TG Cale. EA TG |Cale. EA TG
Th(L):-2 H20 3330 3290 3272 16441 6520 642 6.00 ;3732 3699 3726; 726 694 725:252 260 254 TbyO-

Dy(L)-1.5H20 3355 3381 3347 {6473 6458 486 548 {3652 3690 3660710 753 706:245 249 246! Dyv:0;
Ho(L):-1.5H20 33.84 3373 3355 6444 6474 484 483 {3751 3801 3708729 655 721244 251 245! Ho:0s
Er(L)-25H20 33.05 3376 3354 {6416 6376! 7.78 777 {3466 3515 3457674 740 672! 253 242 251! EnO:
Tm(L). 2H20 3377 3399 3408 {6396 6386 631 653 {37.84 3741 3766 7.36 730 733|248 235 246 TmOs
Yo(L):-1.5H20 3479 3492 3502 {6347 6324} 477 473 13699 3750 37171719 679 722} 241 242 240} YbiOs
LuL)r1.5H2Z0 3495 3520 3540 {6330 6256 476 544 {3748 3797 3762729 666 732: 240 245 233 LwO:
Y(L)3-1.5H20 2341 2340 2398 {7520 7453 560 58514321 4382 4300} 840 894 836} 283 297 281 Y:0;

*TG in air atmosphere, Lo = Heavy Lanthanides and Yttrium, L = Picolinate.

The elemental analysis (EA) and thermogravimetric (TG) data for the synthesized compound are
shown in Table 1. The EA and TG results are in close agreement with each other and support
the stoichiometry: Ln(L)3;-nH,0, Ln = (Tb to Lu and Y), L = picolinate and n= 1.5 H,0 (Dy, Ho, Yb,
LuandY), 2 H,O (Tb and Tm) and 2.5 H,O (Er).

The powder X-ray patterns showed that all compounds were obtained in the amorphous state
(Fig SI1).

The attenuated total reflectance infrared spectroscopic data on picolinate (sodium salt) and the
complexes with heavy trivalent lanthanides and yttrium ions are shown in the supplementary
material (Fig SI2). This study focused mainly around the 1700-1400 cm™ region which had the
most informative data relating to the coordination sites. Key frequencies of interest are shown
in Table 2.

Table 2. Spectroscopic data for sodium picolinate and compounds with heavy trivalent
lanthanide metal ions considered in this work.

Compounds vas (COO) em? v, (COO') cm’! Avem'!
NaL 1564s 1390m 174
Tb(L);-2H.O 1618s 1372m 246
Dy(L):*1.5H.O 1618s 1372m 246
Ho(L):1.5H,O 1619s 1372m 247
Er(L);-2,5H.0 1621s 1371m 250
Tm(L);-2H.O 1622s 1372m 250
Yb(L);-1.5H,0 1623s 1372m 251
Lu(L)s;*1.5H,O 1624s 1373m 251
Y(L);-1.5H,O 1624s 1373m 251

Vs (COO") = antisymmetric carboxyl stretching frequency.
v; (COO") = symmetric carboxyl stretching frequency.
Av = difference between v, (COO") and v, (COO") frequencies.



In sodium picolinate, medium-intensity band at 1564 cm™ and strong band at 1390 cm™ are
attributed to the antisymmetric (vas COO’) and symmetric (vs COO") stretching frequencies of
carboxylate groups, respectively as previously reported[28,29]. The synthesized heavy picolinate
compounds show that the same frequencies are extended between 1700 and 1300 cm™.
Analysis of the frequencies of the v, COO and v; COO indicates that the coordination is being
carried out through the carboxylate [28], the FTIR data suggest that the bonding of the
carboxylate group to metal is monodentate [30] in agreement with other workers [9,21] and our
previous study of the light trivalent lanthanide picolinates [20].

Thermal behavior in oxidative atmosphere

The simultaneous TG-DSC curves of the compounds in dynamic dry air atmosphere are shown
in Figure 1 (a - h). All the compounds show mass losses in five steps. Endothermic peaks are
attributed to dehydration and thermal decomposition, whilst exothermic peaks attributed to
oxidation of the organic matter and/or of the gaseous products evolved during thermal
decomposition.
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Figure 1. TG-DSC curves in dry air (a-h) and N2 (a*-h*) atmospheres of the picolinates, being: a and a* =
Tb; b and b* = Dy; cand c* = Ho; d and d* = Er; eand e* =Tm, fand f* =Yb; gand g* = Lu; hand h* =Y.



TG-DSC curves of all compounds show a single slow mass loss step, corresponding to the
endothermic event between 30 and 170 °C, attributed to the loss of weakly bound water
molecules.

Once dehydrated, the thermal decomposition of the anhydrous compounds occurs in four
consecutive steps.

For all the studied compounds, the second mass loss occurs slowly. Accompanying the secondary
mass loss, small endothermic events are noted. We believe these endotherms arise from
thermal degradation/rearrangements of the lanthanide picolinates (as supported by the EGA
data below). This is in disagreement with earlier literature suggesting that this step relates to
further dehydration of coordinated water molecules [21].

The third steps occur through a fast mass loss process and have corresponding endothermic
events on the DSC curves. The process has been attributed to a melt and onset of thermal
decomposition of the remaining material, highlighted further in the supplementary video (SI-3)
obtained from the HSM with all compounds showing an apparent melt except for the terbium
picolinate.

The fourth step (occurring as a shoulder of the third) shows a sharp mass loss from all
compounds (with the exception of terbium) with a highly exothermic peak concluding by 520 °C.
The processes have been attributed to the oxidation of the remaining organic matter and release
of gaseous products. At this stage the remaining material is expected to have to formed
carbonaceous and dioxycarbonate residues of the form Ln,0,COs (Ln = heavy lanthanides
considered in this work), as previously reported for light-picolinates [20].

The fifth and final mass loss step occurs slowly above 490 °C, with a variety of corresponding
thermal events forming the final oxide residues. Oxidation of carbonaceous residue gave
exothermic events, whilst thermal decomposition of the dioxycarbonates gave endothermic
responses.

Terbium picolinate follows a similar degradation profile to the other picolinates until the mass
loss events between 310 °C and 600 °C. Prior to the third mass loss step, an exothermic process
(340 °C) is noted which has been attributed to a crystallisation process (confirmed using PXRD
as discussed below). Although endothermic events (395 and 420 °C) are observed during the
third mass loss no apparent melting was observed using HSM (SI3) which is clearly different to
the other picolinates. The overlapping fourth and fifth mass losses show exothermic events (495
and 550 °C) as the remaining carbonaceous residues are oxidatively removed leaving behind
Tb,07, a degradation reaction that has previously been observed for terbium compounds
[31,32].

To summarise; the total mass loss up to 600 °C is in agreement with the formation of Th,07as
residue (Calc. = 66.70%, TG = 67.28%). The total mass loss up to 720 °C (Dy), 880 °C (Ho), 860 °C
(Er), 920 °C (Tm, Yb and Lu) and 940 °C (Y) are in agreement with the formation of Ln,0s as final
residue (Ln = Dy-Lu and Y).



Table 3 summarises the TG-DSC data for the experiments in an oxidative atmosphere. The mass
losses, temperatures ranges and peak temperatures observed in each step were found to be
characteristic of each compound.

Table 3. Temperatures ranges (AT), mass losses (Am) and peak temperatures (Tp) observed for
each step of TG-DSC curves of the Ln(L)s-nH,0 compounds in dynamic dry air atmosphere, where
Ln = heavy-lanthanides and yttrium, L = picolinate. The arrows indicate whether a particular

process is exothermic or endothermic.

Steps
Compounds First second Third Fourth Fifth
mc 30-170 + 230- 270 310- 430 + 430- 500 500 - 600
S T I TR T T BTN
| T/ °C | 904 | 265 1 3407 3954 4204 | 4957 5 5501
““““““““““““““ {stirc| s0-10 | 180-300 | 310-425 | azs-st0 | 510-720 |
oo MNP se | 1w | mx | oam | am
| TC 80l 270 L . 38sl410! 4557
""""""""" fatrc! a0-10 | 21525 | wo0-a35 | 4-500 | 500-080 |
dowamo VR AW | 2w | mes | 2% | am
| TC 1004 | 2804 3851 415 4551 |
EAT!'C 30-170 1 190 - 290 320 - 430 430-520 520 - 860
a0 UM T | 0w | e | zn e |
| T(C) 9l | 137503900 4150 | 45074657 |
(ATIC| 30-170 | 230-310 | 330-430 | 430-490 |  490-920 |
TMU2HO | A% | 553 | o072 | 344 | 2s | 1s |
e t0e | 204 | ssovatos | aest |
aTiCl -170 | 210-30 | 3%0-40 | 40-500 | 50-920
Yo 15H0| am% | 470 | 286 | 3207 | 2344 | 110
Tt 10l | 25l | swsoliasy | esst | |
------------ latirc a0-10 | 240-200 | 3s-a3 | aw-ss | 55-920 |
LuL), 15H,0 | A/ % 532 | 085 | 3399 | 2319 | 164
CTaec 1004 solsatsl | a0t | |
________________ (ATIPC| 30-170 | 215285 | 330-430 | 430-545 |  545-940 |
YOASHO | am% | 575 | 220 | s | 27 | 1% |
e | w004 | 204 | wmsiias | ae0t |




Pyrolysis

The simultaneous TG-DSC curves in dynamic dry nitrogen atmosphere are shown in Fig 1 (a*-
h*). All the curves show mass losses in five steps and endothermic events attributed to
dehydration, thermal decomposition or pyrolysis of the compounds.

Terbium, dysprosium and thulium compounds show final mass loss occurring through a slow
process up to 930 °C (Tb), 910 °C (Dy) and 960 °C (Tm) and the total mass losses up to these
temperatures are in agreement with the formation of the respective oxides, Th,0s, Dy,0Osand

Tm;0s3, respectively.

For the other compounds, the last step also occurs through a slow process; however, the mass
loss had not completed by 1000 °C thus a formula mass assignment could not be given.

In all the compounds, the first mass loss is attributed to dehydration. The dehydrated
compounds then exhibit mass losses in four consecutive steps, with the last two overlapping.
The first step after dehydration is similar to that observed for the experiments performed in an
oxidative atmosphere. It occurs through a slow process corresponding to thermal
decomposition as confirmed by EGA experiments (see below).
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Figure 2- DSC curves of heavy picolinates and PXRD from terbium picolinate in each step of
thermal decomposition (a) 25°C, (b) 280°C, (c) 330°C, (d) 350°C

Figure 2 shows the DSC curves up to 400 °C and the powder X-ray diffractograms obtained at
different temperatures and shows the unique behavior of the terbium complex.

As previously discussed and as observed by HSM, terbium picolinate undergoes decomposition
followed by crystallization of the anhydrous compound. Therefore, PXRD analysis was
performed at room temperature, before, during and after crystallization process. As the
temperature increases, the formation of Bragg peaks is shown, indicating the formation of



crystalline material from the previous amorphous state (Fig 2a-d) with a strong resemblance
between it and other anhydrous crystalline picolinates [20]. The powder X-ray diffractogram
confirms sample crystallization is at 350 °C. The associated energy of crystallization was found
to be 73.96 J gt using DSC.

Summarising the findings of Figure 1. (a*-h*). The first and second mass losses appear
independent of the atmosphere, as such occur in the same manner as the previously described.
The third mass loss of the compounds occurs through a fast process, corresponding to an
endothermic peak attributed to the thermal decomposition with the formation of carbonaceous
residue. The last two overlapping steps (enhanced by DTG analysis) occur through slow
processes and have been attributed to the pyrolysis of the remaining carbonaceous residue.
Table 4 summarises the TG-DSC data for the experiments in a pyrolytic atmosphere. The mass
losses, temperatures ranges and peak temperatures observed in each step were again found to
be characteristic of each compound.

Table 4. Temperatures ranges (AT), mass losses (Am) and peak temperatures (Tp) observed for
each step of TG-DSC curves of the Ln(L)s:-nH>0 compounds in dynamic dry nitrogen atmosphere,
where Ln = heavy-lanthanides and Yttrium, L = picolinate. The arrows indicate whether a
particular process is exothermic or endothermic.



Steps

Compounds First Second Third Fourth Fifth

L aT/ec | 30-170 180 - 300 310-435 435 - 700 700 - 930

[ Am/ % | 3.64 523 | 38.81 10.38 10.72
Tb(L):2H:0 [ . L] ] e b

P Te/C L 1004 0 2651 | 33074000 420 | L 7501930 L

LAT/eC | 30-170 122-310 330 - 430 435-720 720 - 910

L Am/% | 697 0.58 36.58 15.52 6.32
Dy(L)s1.5H0 L § SRS SRS SIS S S

| Tel°C | 551851 3804 3904 4104 830

| ATFC | 30-170 190 - 290 330 - 430 430-730 | 730->1000

{Aam/% | 607 | 327 | 35.64 {1383 | 977
HO(L)]"'.SH:O | — .  —— S E—— L — —

L TeleC L 1004 2801 | 385l 415l 960

L aT/°C | 30-170 | 200-290 |  330-435 435-695 | 695->1000

CAmi(%) | 6.03 087 | 35.83 12.63 10.47
Er(L)s-2.5H.0 '\w’f( )+ _________________________________ | B Rt R

P Tel(°C) | 90 260 L | 3804390 4150 8704

L AT/°C | 30-170 180-330 |  330-435 435- 700 700 - 960
Tm(L)s2H:0 | am/% | 615 | 164 | 35.56 SRR Y XTI 7.66

DTt 1100 L 2800 | 410L4350 500L 8304

| AT/°C | 30-170 200 - 310 330 - 440 440-735 | 735->1000
Yb(L):1.5H:0 | am/% | 597 3.80 36.31 12.90 8.73

P Tecc b 1100 2750 4201 9304

L AT/°C | 30-170 | 180-290 |  340-435 435-700 | 700-> 1000
LulL)s1.5H.0 | am/% | 608 | 118 | 3485 1341 | 1020

[ Tel°C | 1004 2550 4051 4100 4150 9204

L AT/°C | 30-170 200 - 290 320 - 440 440-710 | 710-> 1000
Y(L)1.5H,0 | am/% 6.47 2.80 41.98 13.42 11.15

L Tercc | 1004 2751 a15. 8904

Evolved gas analysis (EGA)

The gaseous products evolved during the thermal decomposition of the compounds were
monitored by the EGA techniques: TG-DSC-FTIR, HSM-MS and GC-MS. The main gaseous
products found were water, pyridine, carbon monoxide and carbon dioxide, in both

atmospheres and in agreement with our previous findings [20]. The major differences arise

between the heavy-picolinates and the light-lanthanide picolinates are the latter are anhydrous.

The mass spectrometric techniques show that the process may be more complex than at first
indicated by FTIR alone.

TG-DSC-FTIR




The FTIR spectra of gaseous products evolved during the thermal decomposition under N,
atmosphere of erbium picolinate (representative of all the complexes studied) are shown in
Figure 3. Water release can be seen for all the compounds up to the dehydration temperature
(Figure 3 a-1 and b-1) as indicated by the presence of 4000-3500 cm™ and also 2000-800 cm™
bands.

A release of pyridine (near to 3000 cm™and 1500 cm), carbon monoxide (between 2250-2000
cm™?) and carbon dioxide (near to 2300 cm™) is observed during mass losses. The region 2 is
represented by the increase of intensity in the Gram Schmidt curve at 23 min (260 °C) with
release of CO, and pyridine (Figure 3 a-2). This experiment confirms that second step of all the
compounds can be attributed to thermal decomposition, in disagreement with the secondary
dehydration suggested by other workers [21].

Figure 3c shows a 3D graphic of FTIR spectra obtained during the experiment. The higher
absorbance seen at 40 min (430 °C) corresponds to the major mass loss step observed at this
temperature with TG-DSC.

Finally, during region 4 at 63 min (660 °C), release of CO and CO; is observed until the end of the
experiment indicating the ongoing pyrolysis of carbonaceous residue and in confirmation with
the previous TG-DSC data.
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Figure 3- (a) Gram Schmidt curve, (b) infrared spectra and (c) FTIR 3D graphic of erbium
picolinate.

HSM- MS

The pyrolysis of erbium picolinate in a helium atmosphere (used to enhance MS sensitivity) was
monitored by HSM-MS and used as representative for all the compounds presented in Figure 4.



Three key gaseous compounds are plotted: water ([M]* 18 m/z), carbon dioxide ([M]* 44 m/z)
and pyridine ([M]* 79 m/z). The presence of pyridine was confirmed by monitoring the pyridine
fragment ions (26, 27, 39 and 52 m/z) as compared with the NIST MS database.

Water can be seen to be evolved over the broad dehydration range 30 to 180 °C in agreement
with the first mass loss described earlier. The evolution of the water signal occurs over the
majority of the temperature range, the observed pyrolytic mass loss processes are typically
broad as shown in the earlier TG-DSC studies. Carbon dioxide is observed during ca. 185 °C while
pyridine is not observed until ca. 240 °C. At ca. 380 °C both carbon dioxide and pyridine are
evolved simultaneously.

Figure 4 also shows an average mass spectrum over the 400-420 °C temperature range where
the largest mass loss occurs. The average mass spectrum is in agreement with the NIST database
for both pyridine and carbon dioxide.

A video obtained from micrographs recorded every 10 °Cis given in the supplementary material.
No optical changes were observed during dehydration. However, color changes, vapour release
and sample compaction were observed for all compounds during the second step. The third step
showed an apparent melting for all complexes with the exception for terbium, in agreement
with earlier TG-DSC data.
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Figure 4. Selected ion (shown in the key) mass spectral data obtained from HSM-MS analysis of

erbium picolinate. Figure insert shows average and expanded (checkered box) mass spectra over
the 400 to 420 °C region.

GC-MS

Figure 5 shows the chromatogram and average mass spectra obtained for the condensed
gaseous products collected between the two stages discussed previously using TG-DSC-FTIR and
HSM-MS. Four compounds were identified in the chromatogram of the condensate products.



The peak at 4.3 minutes was identified as pyridine using the NIST database in agreement with
the earlier EGA experiments.

No other compounds were observed in the chromatogram until the 18.5-19.5 minutes region,
where 2,2’-Bipyridine (18.8 mins), 2,2’-Methylenebipyridine (19.2 mins) and 2,4-Bipyridine (19.5
mins) were identified again through comparisons with the NIST database. All compounds had
strong agreement with few discrepancies between experimental and database values (94 %, 93
%, 94 % and 85 % matches respectively). These compounds were not apparent using the other
EGA techniques and it is possible that these are actually products of a reaction owing to the
higher concentration of gaseous pyridine and naturally higher pressures in a sealed ampoule.
However, since the ratio of these products to the dominating pyridine signal were very low
(84:7:7:2 ratio) the other techniques are likely to have been significantly less sensitive to these
trace compound levels.
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Figure 5. GC-MS data obtained from erbium picolinate condensates, collected at 330 °C. Upper)
TIC chromatogram for analysed condensates. Lower) Experimental and library (inverted)
average mass spectra for; pyridine (4.3 mins), 2,2’-Bipyridine (18.8 mins), 2,2’-
Methylenebipyridine (19.2 mins) and 2,4-Bipyridine (19.5 mins)

Conclusions

Basic heavy-lanthanide carbonates obtained by precipitation in a homogeneous medium using
urea as neutralizing agent were mixed in non-stoichiometric conditions with picolinic acid giving
a novel synthesis route for the preparation of heavy lanthanide picolinate complexes.

Thermoanalytical techniques, complexometry and elemental analysis, demonstrate that
synthesised heavy lanthanide picolinate complexes have the general formula: Ln(L);:nH20,



whereby Ln = (Tb to Lu and Y), L = picolinate and n = (1.5, 2 or 2.5). PXRD indicated that all
compounds were amorphous.

FTIR analysis of the symmetrical and asymmetrical stretching of carboxylate group suggests that
the coordination of picolinate ion is through a monodentate binding regime as has been
previously reported for the light-lanthanide picolinates.

TG-DSC experiments show the compounds undergo complex degradation under both pyrolytic
and oxidative atmospheres. All samples, with the exception of terbium, gave very similar profiles
although there were small differences in key transitional temperatures. Under a pyrolytic
atmosphere only terbium, dysprosium and thulium were completely decomposed to their
respective oxides. Under oxidative conditions all heavy-lanthanide picolinates formed their
respective oxides with the general formula Ln,0s. However, the terbium complex was found to
form a crystalline material with the formula Tb405 irrespective of the atmosphere.

Pyrolytic TG-DSC-FTIR analysis of heavy-lanthanide picolinates shows the release of carbon
dioxide, carbon monoxide and pyridine. The observed temperature of degradation after
dehydration was lower than has been previously reported.

HSM-MS provided both physical and chemical information during the pyrolytic degradation of
picolinate complexes. All complexes were shown to melt prior to decomposition with the
exception of the terbium complex. The MS provided enhanced and complementary information
to support the TG-DSC-FTIR findings.

A sample preparation method which effectively generates and retains thermal degradation
products of the picolinate metal complexes was successfully developed. Following this, a GC-MS
method which shows clear and effective separation of all signals from condensated degradation
material was utilized.
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