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Abstract 

Fumed silica nanoparticles (FSN) are one of the most commonly synthesized forms of silica but 

prolonged exposure leads to cell toxicity and apoptosis due to reactive oxygen species (ROS) 

generation inherent to these particles. Increasing attention is being made on making the material 

safer both for workers involved in large-scale industrial production, and consumers coming into 

contact with fumed silica additives. In the present work, we explore the structural differences and 

efficacy of Al- and Ti- metal doped FSN which has previously been shown to reduce toxicity 

effects of the nanoparticles. We use a combination of 29Si and 27Al solid-state magic angle 

spinning (MAS) NMR, Raman spectroscopy, and thermogravimetric analysis (TGA) to analyze 

changes in the bulk of the nanomaterials and quantify the adsorption capacity and reactivity of 

the surface with respect to amino acid thermal condensation. Alanine was selected as the ligand 

of choice for its simplicity and ubiquity in biochemical reactions. Our results indicate that metal 

doping has a modest impact on the fumed silica structure, ligand adsorption capacity, and 

thermal condensation however, metal dopings of 1-7% perform comparably to commercial 

fumed silica.  
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1. Introduction  

Fumed silica nanoparticles (FSN) are generally recognized as safe (GRAS) by the Food 

and Drug Administration (FDA) and is a common anti-caking additive in foods, beverages, and 

cosmetics used for decades [1]. However, recent data shows that repeated exposure leads to 

accumulation in cells, causing inflammation and apoptosis [2-4]. It has been hypothesized that 

this is due to strained ring defects inherent to FSN and that these strained rings can easily cleave 

to form radicals that are highly reactive and toxic to cells [2,5]. A few groups have begun 

addressing this issue, and one promising alternative is the inclusion of metal doping which has 

been shown to decrease toxic radical generation [3,4]. In the present work, we analyze aluminum 

and titanium-doped FSN using solid-state nuclear magnetic resonance (SSNMR), Raman 

spectroscopy, and thermogravimetric analysis (TGA) to determine the impact of metal doping on 

FSN bulk structure, adsorption capacity and reactivity. Brunauer-Emmett-Teller (BET) and TGA 

are used to quantify the loading capacity. 

 One of the reasons why FSN is such an efficient thickening agent is because of its 

extremely high surface area with primary particle sizes in the range of 7 – 14 nm. The high 

surface area combined with reactive oxygen species (ROS) generation makes it a very effective 

metal oxide catalyst in the promotion of thermal condensation reactions which have implications 

in origin of life research [6-12]. Much of the Earth’s crust is comprised of silicates, silica-

containing clays and silica substrates have been shown to sequester and stabilize amino acids in 

dilute solutions and promote oligomerization [8,13-15].  The oligomerization proceeds through 

condensation of neighboring amino acids and is readily monitored by first derivative 

thermogravimetric analysis (DTG) [13,16-19]. This presents a simple and effective method to 

monitor changes in surface reactivity as doping level increases.  

The aim of this investigation is to determine if Al- and Ti- metal doping, which has been 

shown to effectively decrease cell toxicity in recent studies, can still maintain similar function 

when interacting with ligands at the surface and how the surface sites change [3,4]. We expect to 

see decreased similarities to undoped FSN (0%FSN) as doping levels increase from 1 – 10%, 

with homogenous incorporation of the metal into the framework. Less perturbation is expected in 
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Ti- doped samples based on its coordination state being most similar to Si4+. If changes are 

minimal, this would provide an effective and safer alternative for FSN exposure. 

 

2. Experimental Section  

 

Materials 

Natural abundance L-alanine was purchased from Sigma-Aldrich and used as recieved. 

 

2.1 Synthesis  

 

2.1.1 Preparation of Metal-Doped FSN 

Flame spray pyrolysis was used to synthesize metal-doped silica nanoparticles. Details of the 

procedure are described elsewhere [3,4].  

 

2.1.2 Adsorption of Alanine on FSN 

FSN was heated at 500 C in an oven overnight to remove impurities from the surface and 

activate the FSN. Aqueous solutions of alanine were produced [0.10M] using deionized water 

and separated into 5.00 mL aliquots. 75 mg of FSN was added and each solution was stirred 

overnight at ambient conditions followed by centrifugation at 6000 rpm for 1 hr to pellet the 

adsorption complex. Samples were dried under vacuum overnight at room temperature and 

analyzed as described below.  

 

2.2 Characterization  

 

2.2.1 Solid-state Nuclear Magnetic Resonance Spectroscopy 

NMR experiments were conducted with a 600 MHz Bruker Avance IIIHD spectrometer 

equipped with a 4 mm double resonance (1H/X) MAS probe. 27Al direct polarization (DP)-MAS 

experiments were collected with 15 kHz MAS using a 0.66 s (/12) excitation pulse, 1600 ppm 

spectral width (sw), 4k points, 0.25 sec recycle delay (d1), and 16k – 256k scans, with no 

decoupling. 27Al CP-MAS experiments were collected at 15 kHz MAS with an 800 ppm sw, 512 

points, 1 sec d1, 16k scans, with no decoupling. An initial 1H π/2 pulse of 4.5 s was used 
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followed by a 30% ramped 500 s contact pulse matched to the -1 Hartman Hahn spinning side 

band condition for 27Al of 35 kHz B1 field strength (RF). 27Al spectra were processed with 2k 

points, 100 Hz line broadening and externally referenced to a 1M solution of Al(NO3)3 (0 ppm). 

Aluminum oxide was used to set up CP-MAS experiments. 

29Si DP-MAS experiments were collected at 5 kHz MAS using a 4 s (/2) excitation 

pulse, 382 ppm sw, 512 points, 300 sec d1, and 280 scans. High-powered spinal-64 1H 

decoupling was applied at 44 – 46 kHz RF during acquisition and spectra were processed with 4k 

points and 50 Hz line broadening. 1H  29Si cross-polarization (CP) experiments included an 

initial 1H /2 pulse of 2.7-2.75 s followed by a ramped (50%) 5 ms contact pulse matched to 

the -1 Hartman Hahn spinning sideband condition for 29Si at 55 kHz RF. High-powered spinal-

64 1H decoupling at 44 – 46 kHz RF was applied during acquisition. 29Si CP-MAS experiments 

were collected with a 382 ppm sw, 512 points, 5 sec d1, and 8k scans. 20 Hz line broadening and 

zero-filling to 2k points were used in processing. All 29Si spectra were externally referenced to 

TTSS (-9.7 ppm).  

 

2.2.2 Raman Spectroscopy 

The Raman spectroscopic data was collected using a custom-built Raman spectrometer in 180° 

geometry. The sample was excited using a 150 mW Coherent Sapphire SF laser with a 532 nm 

laser wavelength. The laser power was controlled using a neutral density filter wheel and an 

initial laser power of 28 mW. The laser was focused onto the sample using a 50X super long 

working distance plan APO Mitutoyo objective with a numerical aperture of 0.42. The signal 

was discriminated from the laser excitation using a an Ondax® SureBlock™ ultranarrow-band 

notch filter combined with two Optigrate notch filters. The data was collected using an Acton 

300i spectrograph and a back thinned Princeton Instruments liquid nitrogen cooled CCD 

detector. 

 

2.2.3 Thermogravimetric Analysis  

A TA2910 (TA Instruments Inc.) TGA was used to quantify adsorption and assess surface 

reactivity of the metal doped FSN. A sample mass of 12 – 15 mg was used in each experiment 

and the sample was equilibrated under N2 flow for a minimum of 30 min prior to analysis or until 

a stable baseline was reached. The instrument flow rate was maintained at 60 mL/min and 40 mL 
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min-1 for furnace and balance, respectively. The TGA method included temperature equilibration 

at 25 C followed by a 5 C min-1 heating rate applied from 25 – 600 C.  

 

3. Results  

3.1 Solid-State NMR  

29Si CP-MAS 

1H  29Si CP-MAS experiments were used to selectively characterize the surface of FSN 

since the bulk material is composed of siloxane bonds (excluding minor defects and trapped 

interparticle water) and the only proton spin bath comes from surface silanols making the method 

surface specific [20]. In a typical 29Si CP-MAS spectrum, three peaks are present centered at -90 

ppm (Q2), -100 ppm (Q3), and -110 ppm (Q4) where the number represents the number of 

bridging siloxane bonds in a tetrahedrally coordinated silicon atom. In zeolites and other 

silicates, R coordinated sites are expected at -50 ppm (T1), -60 ppm (T2), and -70 ppm (T3) 

[21,22]. Tn sites represent direct Si-R coordination. No Tn sites were observed in any of the 

doped spectra, indicating that the metal atoms are incorporated into the siloxane network 

replacing tetrahedrally coordinated silicon and attaching to bridging oxygens.  

29Si CP-MAS spectra (Figure 1, Table 1) were fit with the software package MestreNova. No 

major differences in peak shapes were observed. The full width at half maximum (FWHM) 

increased with increased doping level for all Qn sites in Al containing samples, with 10% 

exhibiting the largest FWHM. Compared to 0%FSN, the FWHM increased by ~65 Hz (Q2), ~105 

Hz (Q3), ~260 Hz (Q4). All sites are broadened indicating that Al is incorporated near the surface 

and in Q4 sites near the surface. A smaller overall change in FWHM is observed across Ti-

dopants and 10%Ti only increases by ~7 Hz (Q2), ~12 Hz (Q3), and ~145 Hz (Q4) compared to 

0%FSN. The FWHM actually decreased in Q2 by ~10 Hz from 1-7%Ti, in Q3 by ~10 Hz from 1-

3%Ti, and in Q4 by ~15 Hz from 5-7%Ti. The FWHM was slightly higher in Al-dopings vs Ti-

dopings presumably due to the nominal charge difference where Al is +3 and Ti +4. Overall, the 

increase in linewidth with metal doping content indicates an increase silica disorder with Al 

containing samples being the most disordered.  

The relative abundances of Qn sites were also analyzed and only minimal differences in Qn 

ratios were observed. For Al-dopants, Q2 populations remain the same across samples and Q3 is 

converted to Q4 as doping level increases assuming similar CP efficiency across samples. This is 
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another indication that some of the aluminum sites may be congregating near the surface. In Ti-

dopants, Q3 gets converted to Q2 and Q4 but the changes are still minimal in comparison to Al. 

Lastly, chemical shift was analyzed and changes are small (~0.5 to 1 ppm) but trend downfield 

with increasing dopant indicating a small decrease in T-O-T bond angle [23,24].  

Overall, the absence of any Tn sites among dopants confirms that the metal is incorporated 

into the framework through bridging oxygens. The FWHM all Qn sites increases at the 10% level 

which suggest that at least some of the dopants are near the surface. Al dopants create a larger 

change in CP-MAS spectra than Ti dopants suggesting that Al makes the framework more 

amorphous.  

Table 1. SSNMR data from 29Si CP-MAS of doped spectra.  

 

Q2 Q3 Q4 

Abund

ance 

FWHM 

(Hz) 

δ 

(ppm) 

Abun

ance 

FHWM 

(Hz) 

δ 

(ppm) 

Abund

ance 

FWHM 

(Hz) 

δ 

(ppm)  

0% FSN 0.14 645 -91.0 0.69 881 -100.4 0.17 985 -110.4 

1% Al 0.14 656 -91.0 0.66 882 -100.2 0.20 1050 -109.8 

3% Al 0.15 656 -90.7 0.63 890 -99.8 0.21 1115 -109.3 

5% Al 0.15 661 -90.6 0.60 939 -99.5 0.24 1164 -108.9 

7% Al 0.15 675 -90.8 0.62 944 -99.6 0.23 1089 -108.8 

10% Al 0.15 711 -90.7 0.59 986 -99.7 0.26 1246 -109.1 

1% Ti 0.13 620 -91.5 0.66 875 -100.8 0.21 1014 -110.5 

3% Ti 0.13 614 -91.5 0.64 865 -100.7 0.23 1108 -110.2 

5% Ti 0.14 613 -91.0 0.62 874 -100.2 0.24 1112 -109.7 

7% Ti 0.14 609 -90.7 0.62 886 -99.9 0.24 1096 -109.5 

10% Ti 0.15 652 -91.0 0.62 893 -100.2 0.23 1129 -109.9 
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Figure 1. 29Si CP-MAS NMR of Al- and Ti-doped samples with 0%FSN. Spectra are scaled 

proportionally to sample mass. 

 

29Si DP-MAS NMR 

29Si DP-MAS NMR (Figure 2) was utilized to examine bulk structural changes for FSN 

samples as a function of metal doping. Due to the low signal intensity of protonated Q2 and Q3 

sites in 29Si DP-MAS experiments, the discussion will focus on Q4 resonances that dominate the 

spectra and represent the bulk siloxane bonds. A long recycle delay (300 sec) was used and 

spectra were scaled by mass for quantitative analysis. All samples had a broad Q4 resonance due 

to the intrinsic amorphous nature of FSN. Since DP-MAS is a direct polarization technique and 

proton decoupling was applied during acquisition, broadening can be attributed to the degree of 
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disorder within the bulk framework similar to the above discussions for CP-MAS results, 

specifically a larger distribution of Si-O-T (T=Al, Si, or Ti) bond angles and Si-O bond 

strengths, as well as Al and Ti disorder from the presence of multiple coordination sites (see 27Al 

discussion below). While Al and Ti are the next nearest neighbors (NNN) (i.e. not directly bound 

to silicon), they do have a deshielding effect on the observed 29Si NMR isotropic chemical shift 

[23,25-27].  

 

 

Figure 2. 29Si DP-MAS NMR of Al- and Ti-doped samples with 0%FSN. 

 

In Al-doped samples, Q4 intensity decreases as doping level increases from 1% to 5% 

indicating homogenous incorporation in the framework with increasing formation of Si-O-Al 

bonds. While aluminum is commonly found in multiple coordination environments, titanium is 
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typically octahedrally coordinated as the rutile polymorph [28]. However, previous studies have 

shown that at low metal doping levels in titanium-containing silicate glasses (0.05 < TiO2 < 9 % 

(w/w)) the titanium cations are primarily tetrahedral with increasing levels of octahedral 

coordination as doping level increases [29-31]. 29Si Q4 intensities of Ti-doped samples are 

scattered and no trends can be established (Figure 2). It is interesting to note that the 5% doping 

in both materials are outliers. 5%Ti has the largest Q4 population after 0%FSN, followed by 

1%Ti, then 3%/7%/10%Ti with the lowest. The absence of any trend or large change in Q4 peak 

area and chemical shift suggests that Ti- is either phase separated from the Si-O-T network or 

that is is not incorporaed in the framework at all. This will be discussed further in the Raman 

section. 

In addition to changes in Q4 intensity, Q4 resonances shift downfield as doping level 

increases. Many studies have been done that relate 29Si DP-MAS NMR isotropic chemical shifts 

to Si-O-Si bond angle [23,24,26,32-34]. In this work, we used the equation published by Smith 

and Blackwell [34] derived from silica polymorphs and later applied to amorphous FSN by 

Legrand et al [24] to estimate the average Si-O-T bond angle of each dopant that is listed in 

Table 2 for the samples studied here. As the siloxane bond angles decrease, silicon atoms 

become deshielded and Q4 shifts downfield. However, it is important to note that aluminum and 

titanium also have deshielding effects as NNN and likely contribute to the Q4 shift downfield 

[25,27]. Therefore, the chemical shift cannot be attributed to differences in bond angle alone. 

The total downfield shift from 0%FSN to 10%Al or 10%Ti is small (~ 1 ppm) although the trend 

would likely continue if doping levels were increased further. This is consistent with the results 

published by Ramdas et al, where ~ 5 ppm shift is observed in 25% Al content of zeolites and 

with Balmer et al, where a 5 – 10 ppm shift is observed at 25% Ti doped silica glass [25,27].  
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Table 2. 29Si Q4 isotropic chemical shift from DP-MAS and predicted Si-O-T bond angle 

calculated from Smith & Blackwell.  

 
Al-doped 

(δ ppm) 
α 

Ti-doped 

(δ ppm) 
α  

0%FSN -110.0 146.9 -110.0 146.9 

1% -109.6 146.4 -109.9 146.7 

3% -108.5 145.0 -109.7 146.5 

5% -108.3 144.8 -108.9 145.5 

7% -108.7 145.2 -109.4 146.1 

10% -108.8 145.4 -109.1 145.7 

 

27Al DP-MAS NMR 

27Al MAS NMR is a useful technique for determining aluminum coordination. Due to 

limited sample quantity, only 1%, 5% and 10% Al were analyzed, as well as 10%Al following 

thermal treatment (overnight at 500 C), rehydration, and adsorption of Ala (Figure 3). In all 

samples, at least three Al resonances are observed ~ 52, 12 and 0 ppm indicating a presence of 

tetrahedral (52 ppm) and a minimum of two octahedral coordination sites (12, 0 ppm). A large 

broad resonance is observed in all samples ~ 33 ppm. It is unclear whether this is due to the 

presence of a penta-coordinated species or second-order quadrupolar interactions of additional 

tetrahedral site [35-37]. The center of this resonance does not shift with doping level and remains 

present even following calcination and rehydration of 10%Al. We hypothesize that it is likely 

due to quadropolar interactions because penta-coordinated sites are less common and are often 

unobservable due to the asymmetric nature of the site [38-40]. Additionally, in the literature 

Al[O5] sites were only observed in very high aluminum percentages (30% and 70%Al) as was 

shown previously for Al-doped FSN [39] and in zeolites (ZSM-5 and HZSM-5) following 

thermal treatment over 900 °C and rehydration [38,40].  
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Figure 3. 27Al DP-MAS NMR of Al-doped samples. Spectra were collected at 15 kHz MAS. A 

recycle delay of (a) 0.25 sec and (b) variable delay between 0.25 and 5 sec were used. 

 

27Al is a quadrupolar nuclei, meaning local symmetry has a large effect on signal intensity 

and powder pattern lineshapes, so peak area is not indicative of relative populations [41,35,36]. 

Typically, octahedrally coordinated sites have high symmetry and exhibit only first order 

quadrupolar contributions to the resonances with little to no second order contribution and is 

expected to have a stronger signal intensity [41,35,36]. However, the metal doping levels 

analyzed here are all dominated by tetrahedrally coordinated Al[O4] (~ 52 ppm). This is expected 

since aluminum atoms are replacing silicon in a tetrahedrally coordinated environment. 1%Al 

and 5%Al appear mostly tetrahedral, and 10%Al has strong contributions from both tetrahedral 

and octahedral regions.  

In our 10%Al-SiO2 sample, there is not much change after heating. The tetrahedral and 

octahedral horns broaden due to disorder and restricted dynamics. Heating impacts T1 relaxation 

of all sites which we observe by the peak intensities increasing with increasing recycle delay (see 

Figure 3). After rehydration, only the downfield octahedral horn shows changes with increasing 

recycle delay, which suggests that this site is in the framework and unaffected by local dynamics 

or rearrangement at the surface after rehydration. 27Al CP-MAS was also collected on 10% 
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heated and rehydrated (discussed in the next section), and the upfield octahedral site has the 

largest CP signal, suggesting this site is close to or at the surface.   

In addition to 29Si, 27Al resonances are also deshielded with increasing %Al. While we 

cannot accurately report chemical shifts from a basic Lorentizan Gaussian linefit, it is obvious 

that the horns in the Al[O4] and Al[O6] regions shift downfield as doping level increases. Al[O4] 

shifts <1 ppm from 5% to 10% and <1 ppm after calcination and rehydration supporting that 

aluminum was homogenously incorporated in the framework. The Al[O6] site, however, shifts 5 

ppm downfield from 1% to 10% which could mean that the octahedral sites are potentially the 

result of phase-separation. If 27Al nuclei are deshielded with increasing aluminum content, this 

means either an increase in 27Al NNN (more Al-O-Al bonds) or Al nuclei are sensitive to the 

long-range electron withdrawing effects (less likely). The idea of phase-separation is in 

agreement with 29Si DP-MAS which shows a slight increase in 29Si Q4 content at 10%Al. 

 

 

 

Figure 4. 27Al CP-MAS NMR of 10%Al- doped samples after heating and rehydration. 

 

27Al CP-MAS  

 27Al CP-MAS was collected on 10%Al heated and rehydrated (Figure 4). No signal was 

observed in the heated sample when a short contact pulse was used (500 µs). Al[O4] and some 

Al[O6] sites repopulated after rehydration. We interpret this to mean the upfield Al[O6] peak is 

directly coordinated with water or cleave to form surface hydroxyls and some Al[O4] sites are 

near the surface close to the proton spin bath but may not be directly bound. Aluminum 

hydroxides are present in penta and octahedrally coordinated materials [42,39,43]. 
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3.2 Raman Spectroscopy  

The Raman spectra of 0%FSN displays characteristic silica stretching modes (oxygen 

bending motion in the random network denoted as “R” ~ 440 cm-1, stretching vibrations of Si-O-

Si ~ 800 cm-1, and Si-(OH) stretching ~ 950 cm-1) and strained defects (oxygen breathing 

vibrations of strained 4- and 3- membered rings denoted as “D1” ~ 495 cm-1 and “D2” ~ 605 cm-

1, respectively) [44,45]. Al-doped samples produced too much fluorescence for analysis (Figure 

S1) so only Ti-doped samples will be discussed here. Five of the 6 Raman active anatase 

stretching modes were observed in all Ti-doped samples with no evidence of rutile coordination 

(Figure 5). Previous studies on Ti-doped FSN found that octahedral coordination is preferred in 

Ti >9%, and that either rutile or anatase coordination is possible and is determined by the mode 

of glass preparation [29,30]. Silicon is a known inhibitor of rutile transformation so it is not 

surprising that anatase is observed even though rutile is the thermodynamically and kinetically 

stable polymorph [28]. The anatase stretching modes dominate all Ti-dopants and convolute the 

silica defects making them unobservable. 5%Ti has the weakest anatase peaks which is in 

agreement with 29Si DP-MAS that show 5% has the largest 29Si Q4 intensity. Surprisingly, the 

silica stretching modes are most pronounced in 10%Ti-SiO2 where anatase peaks are also the 

strongest. This supports that phase separation is a strong possibility for the Ti-doped samples and 

is also consistent with little change observed in the 29Si MAS NMR results discussed above. 

Anatase is crystalline and the peaks in 10%Ti are significantly more intense than any of the other 

dopings. This would also explain the increase in silica stretching modes as well for this sample.  

In Balmer et al’s analysis of the titanosilicate pollucite (CsTiSi2O6.5) Ti- and Si- stretching 

and bending modes were significantly broadened and convoluted [27]. Huang et al analyzed 

amorphous TiO2 xerogel as well as crystalline anatase and rutile polymorphs [46]. In the 

amorphous form the peaks are so broad they are unresolvable. The anatase peaks in our doped 

samples looks like that of pure crystalline anatase leading to the conclusion that anatase is the 

primary containing component of the sample and incorporation into the FSN framework through 

Si-O-T bonding is low.  
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Figure 5. Raman spectra of 0%FSN and Ti-doped FSN. 

 

3.3 Thermal Analysis  

TGA 

TGA monitors sample weight loss as a function of temperature and can be used to 

determine the amount of adsorbed water and organic species. TGA can also be used to observe 

thermal condensation reactions for adsorbed amino acids by detecting the water loss during the 

formation of peptide bonds [13,14,47-50]. Because of the limited amount of material only two 

TGA runs could be conducted per metal doped FSN sample. Some variation exists within each 

sample depending on environmental humidity, starting temperature of furnace, and N2 tank 

pressure. The most notable difference between samples is observed when one is the first run of 

the day. The starting temperature is a few degrees lower than subsequent runs which dries 

sample slightly and removes more of the surface water. Samples that were collected as the first 

run of the day have an inflated water loss, so data from the second run was used in calculations. 

The average of both runs was also calculated and did not greatly impact the results.  

The hydroxyl content (OH nm-2), primary particle size (nm), and surface area (m2 g-1) 

were quantified by BET and are reported in Table 3. Together, these values determine the 

number of available ligand binding sites which is one of the primary traits that determine the 

amount of Ala that will bind. The weight loss reported in Table 3 is the loss of Ala, measured 
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from 100 – 600 C. All doped NPs were within  1% of 0%FSN indicating that doping level has 

little effect on the amount of adsorbed alanine. The average weight loss, quantified by TGA 

(Figure S2) was 6.47% for 0%FSN, 7.07  0.37% (Al-doped NPs), and 6.80  0.56% (Ti-doped 

NPs). The average of both Al- and Ti- dopants were higher than 0%FSN and both had small 

standard deviations. This again shows that doping slightly increases the amount adsorbed and 

little variation exists between 1% and 10% dopants added.  

One of the properties that make FSN unique is its efficacy in catalyzing the thermal 

condensation and oligomerization of adsorbed amino acids [17-19,50-52]. The first derivative 

thermogram (DTG) was analyzed where peptide bond formation is easily visualized by a peak ~ 

165 C caused by water loss from the thermal condensation (TC) of neighboring molecules 

[13,14,16,18,19,50,53,54]. Guo et al found that FSN converts alanine into the dipeptide alanine 

anhydride with nearly 100% efficiency after just 3 hours of thermal treatment at 170 °C 

compared to colloidal forms that only converted 50% [16]. We verified that the structure of our 

thermal condensation product is also alanine anhydride, which makes the DTG peak ~ 165 C a 

good indicator of the catalytic activity of each metal doped FSN sample. DTG curves are shown 

in Figure 6.  
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Figure 6. DTG curves of 0%FSN and (a) Al- and (b) Ti-doped FSN with 0.10M Ala adsorbed.  

 

 

3% Al- and Ti-NPs had the largest TC peaks after 0%FSN. 10% dopants had greatly 

reduced intensity of TC and degradation peaks accompanied by line broadening which points to 

disorder at the surface causing thermal events to occur over a larger range of temperatures. To 

better compare the data, we define TC efficiency as molecules of water produced by thermal 

condensation over molecules ala adsorbed. The % weight loss was higher than 0%FSN for all 

dopants but once surface area was factored in, the number of adsorbed Ala molecules was less 

than 0%FSN for all dopants, and TC efficiency was also lower in dopants compared to 0%FSN.  

TC efficiency expresses small differences which help us determine how reactive each surface is 
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compared with 0%FSN and how much doping affects the chemistry at the surface. 10%Al 

performed the worst among the Al dopants. It had the lowest Ala adsorption and TC efficiency 

values, as well as the broadest peaks.  

DTG peaks for Ti dopants showed less variation and the thermal events were well-

defined and narrow, with 1% and 3%Ti performing comparably to 0%FSN. 10%Ti preforms the 

worst among Ti dopants with the lowest amount of adsorbed Ala molecules and the second 

smallest TC efficiency. It is interesting that in both 29Si MAS NMR, Raman, and TGA the 5% 

dopants are outliers. 5%Ti in TGA data had the highest molecules adsorbed but lowest TC 

efficiency. 5%Ti also had the smallest Raman peaks. 

 

Table 3. BET analysis and TGA calculations. 

Doping Level SSA (m2 g-1) 
Diameter 

(nm) 
OH nm-2 

0.10M L-Ala 

Wt Loss 

(%) 

Molecules 

(/nm2) 

TC 

Efficiency  

0%FSN 269 8.4 6.0 6.47 1.75 1.59 

1%Al 334 6.7 2.8 7.00 1.53 1.41 

3%Al 363 6.2 1.2 7.38 1.50 1.46 

5%Al 363 6.0 1.0 6.86 1.39 1.42 

7%Al 357 6.1 0.7 7.51 1.55 1.49 

10%Al 357 6.0 1.8 6.60 1.35 1.30 

1%Ti 339 6.6 4.5 6.40 1.37 1.36 

3%Ti 346 6.4 5.0 6.77 1.43 1.40 

5%Ti 338 6.5 2.6 7.58 1.66 1.25 

7%Ti 348 6.3 1.7 7.08 1.50 1.40 

10%Ti 361 5.9 1.0 6.17 1.24 1.36 

 

4. Conclusion   

The purpose of this study was to determine if Al- and Ti-doped FSN behave the same as 

commercial grade FSN. TGA was performed to analyze the adsorption potential and catalytic 

efficiency. All doped NPs had lower molecular adsorption (molecules nm-2) and catalytic 

efficiency than 0%FSN. Negligible differences were observed in thermal condensation peak 

temperature, relative CP populations, and 29Si Q2 FWHM. 29Si Q3 and Q4 FWHM measured by 

CP-MAS increased with doping level (300 – 400 Hz more broad than FSN). The 29Si DP-MAS 
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chemical shift of Q4 increased with doping level, which could be due to either larger Si-O-T 

bond angles, deshielding effects from Al/Ti, or both. Our data suggests that Al was incorporated 

into the framework in 1% and 3%Al and may congregate near the surface in 7% and 10%Al. 

Phase separation is possible in Ti dopings as 29Si DP-MAS Q4 intensities were all similar and 

clear anatase stretching modes were observed in Raman, indicating crystallinity. Paired with 

previous work, 1% and 3% Al- and Ti-doped FSN offer a less toxic alternative to commercial 

production with comparable performance.  
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